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Introduction 


The  techniques  of  sub-nanosecond  CO^  laser  pulse  generation  have  been 
used  to  probe  the  properties  of  molecules  with  very  high  vibrational 
energy.  In  polyatomic  molecules  the  density  of  vibrational  states  becomes 
so  high  that  one  may  speak  of  a  quasi-continuum  of  vibrational  energy 
levels.  The  properties  of  such  molecules  are  of  great  current  interest  in 
connection  with  the  problems  of  laser  induced  isotope  separation  and  laser 
induced  (mode-selective)  chemistry.  Questions  of  intramolecular  energy 
transfer  and  relaxation  have  been  studied  under  this  contract  by  two 
distinct  categories  of  experiments.  These  are  briefly  described  in  the 
following  two  sections.  More  detailed  results  may  be  found  in  the  three 
papers,  published  or  submitted  for  publication,  which  are  attached  as 
appendices. 

2.  Infrared-Infrared  Double  Picosecond  Irradiation 

In  these  experiments  a  first  pulse  of  C02  laser  radiation  with  a  pulse 
duration  which  may  be  varied  from  2  x  io  7  sec  to  3  *  10  11  sec  is  used 
to  give  the  molecule  a  high  vibrational  excitation.  The  absorption  has 
been  measured  as  a  function  of  pulse  duration  and  intensity.  Results  are 
presented  in  Appendix  1.  A  second  infrared  pulse,  with  a  variable  delay, 
is  then  used  to  probe  the  infrared  absorption  spectrum.  In  the  original 
experiment  the  two  pulses  were  at  the  same  frequency  and  were  obtained  by 
means  of  a  beam  splitter. 

During  this  contract  apparatus  has  been  constructed  in  which  the 
outputs  of  two  independently  tunable  CO^  lasers  are  switched  by  the  same 
plasma  switch.  The  first  pulse  at  the  P(20)  CO  line  is  used  to  pump  the 


mode  of  the  SFg  molecule.  The  change  in  absorption  of  the  SF^  molecule 
is  probed  by  the  second  tunable  pulse.  A  30  picosecond  resolution  has  been 
obtained  over  a  frequency  interval  18  cm  *  to  the  low  frequency  side  and 
9  cm  ^  to  the  high  frequency  side  of  the  P  (20)  pump  line.  Preliminary 
analysis  of  the  data  indicates  that  the  energy  redistribution  from  the 
mode  to  the  other  modes  takes  less  than  30  picoseconds.  Alternatively,  one 
might  say  that  the  intense  picosecond  pulse  immediately  excites  a  super¬ 
position  of  modes  in  the  quasi-continuum.  It  is  planned  to  continue  these 
experiments  with  other  funding.  The  experimental  facility  is  unique  and 
well  suited  to  address  some  outstanding  questions  in  the  field  of  intra¬ 
molecular  relaxation  of  highly  excited  states. 

3.  Infrared-Visible  Double  Pulse  Excitation 

These  experiments  utilize  10-20  nanosecond  pulses  from  a  TEA  C02~laser 
and  from  a  pulsed  dye  laser  pumped  by  the  fundamental  or  second  harmonic 
of  a  ruby  laser.  In  the  experiments  carried  out  on  N02  and  biacetyl,  the 
molecule  was  first  pumped  to  an  electronic  excited  state  with  the  visible 
pulse.  A  quasi-continuum  absorption  of  infrared  absorption  is  then  possible 
in  the  excited  manifold.  In  the  electronic  ground  state  no  infrared 
absorption  at  C02  laser  wave  length  took  place.  The  infrared  absorption  in 
the  excited  state  causes  changes  in  the  fluorescence  spectrum  from  this 
level.  A  publication  on  the  N02  results  attached  as  Appendix  2  is  believed 
to  be  the  first  of  its  kind  in  this  novel  type  of  spectroscopy.  More 
experimental  details  are  described  in  the  paper  on  biacetyl,  which  is 
scheduled  for  publication  in  September  1980  in  the  Journal  of  Chemical 
Physics  and  is  attached  as  Appendix  3. 
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It  is  planned  to  use  this  double  pulse  facility  in  experiments  on 
other  molecules,  where  infrared  absorption  may  occur  in  the  electronic 
ground  state.  The  question  of  inverse  electronic  relaxation  needs  to  be 
explored  further.  Experiments  on  chromyl  chloride  are  under  way  with 
temporary  support  from  other  sources. 
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ABSTRACT 


The  dynamics  of  collisionless  infra-red  multiphoton  absorption  in 

SFg  was  studied  using  picosecond  COg  laser  pulses.  It  was  found 

that  at  this  new  regime  of  light-matter  interaction  at  very  high  laser 

intensities,  the  absorption  in  the  quasicontinuum  has  a  considerable 

intensity  dependence.  The  deviation  from  energy  fluence  scaling  law 

2 

was  found  to  begin  at  about  400  MW/cm  .  Above  this  intensity,  the 
multiphoton  interaction  between  the  laser  and  the  molecule  should  be 
described  by  the  full  coherent  Schrodinger  equation  rather  than  by  the 
usual  Master  rate  equations.  A  novel  method  of  preheating  the  SF& 
molecules  is  also  described  and  the  saturation  behavior  of  these 
preheated  molecules  is  measured  with  the  picosecond  pulses. 
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I.  INTRODUCTION 

Much  understanding  of  the  process  of  infrared  laser  induced 

multiphoton  absorption  (MPA)  and  dissociation  (MPD)  has  been  gained  in 

the  past  several  years. *a,b,c  It  is  generally  believed  that  the 

initial  excitation  of  the  polyatomic  molecule  over  the  low  lying 

discrete  levels  contributes  to  the  frequency  selectivity  and  intensity 

dependence  of  the  overall  multiphoton  processes.  The  fact  that  sharp 

resonances  can  occur  in  MPD  has  been  demonstrated  recently  by  Dai 
2 

et  al.  It  is  also  commonly  accepted  that  once  the  molecule  has 
been  excited  to  the  quasicontinuum  (QC)  of  vibrational  states  where 
the  multitude  of  energy  levels  interact  strongly  with  each  other,  the 
absorption  of  energy  by  the  polyatomic  molecule  will  become  a  linear 
absorption  process.  The  laser  fluence  rather  than  the  laser  intensity 
will  determine  the  total  energy  absorbed  by  the  molecule. *a’^a,b 
When  sufficient  energy  has  been  absorbed,  unimolecular  decomposition 
of  the  polyatomic  molecule  will  occur  in  complete  agreement  with  the 
RRKM  theory  predictions. 

While  the  general  picture  is  quite  clear,  there  are  many  questions 
remaining  for  a  complete  understanding  of  the  process  of  MPD.  For 
example,  more  quantitative  information  about  the  transition  from  the 
discrete  levels  to  the  QC  is  needed.  More  important,  there  is  still 
the  question  of  the  frequency  and  intensity  dependence  of  the  QC 
adsorption,  such  as  how  the  energy  redistributes  among  all  the  vibra¬ 
tional  modes  and  whether  there  exists  any  sharp  resonance  in  the  QC. 
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The  dynamics  of  the  dissociations,  especially  if  there  are  several 

4 

possible  decomposition  channels  are  also  in  need  of  further  study. 

Evidently,  the  best  apparatus  to  study  MPD  experimentally  is  a 

molecular  beam  machine  where  in  addition  to  being  collision  free,  the 

dynamics  of  the  dissociation  process  can  be  explored  by  obtaining  both 

the  angular  distribution  and  the  time-of-f light  spectra  of  the  various 

5a  b 

dissociation  products.  *  *  However,  there  are  many  situations 
where  we  are  only  interested  in  having  multiphoton  excitation  in  the 
molecule  without  dissociating  it.  Moreover,  it  is  necessary  that  MPA 
be  understood  more  thoroughly  before  any  study  of  MPD  can  be  complete. 

As  a  matter  of  fact,  to  acquire  a  thorough  understanding  of  MPA,  one 
should  try  to  avoid  dissociation  which  contributes  complications  that 
render  the  interpretation  of  the  experimental  data  very  difficult.  In 
this  paper  we  shall  describe  a  study  of  collisionless  MPA  in  SF^  in 
a  gas  cell  using  picosecond  CO^  laser  pulses  up  to  very  high  levels 
of  excitation  without  dissociating  the  molecules. 

There  are  many  advantages  of  using  picosecond  laser  pulses.  First 
of  all,  with  a  pulse  duration  of  30  psec,  there  can  hardly  be  any 
collision  during  the  laser  pulse  interaction,  even  at  cell  pressures 
as  high  as  20  torr.  Thus  the  stringent  requirement  on  cell  pressure 
for  nanosecond  pulse  experiments  can  be  relaxed  by  almost  a  thousand-fold. 

Secondly,  the  peak  intensity  of  a  picosecond  pulse  is  at  least 
three  orders  of  magnitude  larger  than  a  nanosecond  TEA  laser  pulse 
with  the  same  fluence.  Therefore,  one  can  expect  the  relative 
importance  of  the  initial  excitation  to  diminish  and  hope  to  study  the 
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QC  more  directly.  However  because  of  exactly  the  same  reason,  care 
should  be  taken  in  generalizing  the  result  of  this  experiment  to  the 
ordinary  situations  using  nanosecond  TEA  CO2  pulses. 

Thirdly,  with  picosecond  pulses,  and  their  accompanying  high 
intensities,  there  may  be  a  chance  of  having  the  up-pumping  rate 
competing  with  intramolecular  energy  transfer  within  the  molecule. 
Hence  there  exists  a  possibility  of  seeing  some  previously  unobserved 
effects,  such  as  coherent  pumping  in  the  quasicontinuum. 

The  most  important  advantage  is  that  one  can  study  the  SFg 
molecules  near  or  above  its  dissociation  limit  without  the  compli¬ 
cations  of  dissociation  and  problematic  effects  such  as  absorption  by 
dissociation  products,  because  even  at  very  high  levels 

of  excitation  there  can  hardly  be  any  dissociation  during  the  laser 

5c 

pulse.  For  example,  the  RRKM  lifetime  for  SFg  with  10  excess 
CO2  photons  of  energy  above  its  dissociation  limit  is  7  nsec,  which 
is  much  longer  than  the  picosecond  pulse  duration.  Therefore  one  can 
measure  the  true  MPA  characteristics  of  the  SFg  molecules  at  very 
high  levels  of  excitation.  This  cannot  be  accomplished  with  longer 
duration  pulses  where  dissociation  will  inadvertently  occur  during  the 
laser  interaction.  Therefore,  by  using  picosecond  pulses  as  an 
excitation  source,  we  should  be  able  to  study  a  new  aspect  of  MPA  and 
hopefully  provide  new  information  on  the  nature  of  the  QC. 

We  have  performed  two  experiments  on  measuring  the  absorption  of 
multiple  CO2  photons  by  the  SFg  molecule.  In  the  first 
experiment,  we  measured  the  energy  deposition  with  pulses  of  30,  50, 


/ 
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90  and  145  psec  duration.  This  provided  us  with  an  idea  of  the 
importance  of  pulse  intensity  in  multiphoton  interaction  in  the 
quasicontinuum.  In  another  experiment,  using  a  method  of  collisional 
laser  excitation  we  preheated  the  SFg  molecules  to  the  QC  and  then 
measured  the  saturation  characteristics  of  the  absorption  cross  section 
of  SFg  as  it  is  further  excited.  This  heating  method  enables  us  to 
study  molecules  which  are  already  in  the  QC  and  therefore  the  question  of 
interference  from  the  discrete  levels  can  be  avoided.  Since  the  satur¬ 
ation  of  any  system  is  closely  related  to  the  relaxation  mechanism,  such 
a  measurement  should  provide  some  clues  to  the  nature  of  intramolecular 
damping  and  relaxation  in  the  molecule. 

In  Section  II,  we  shall  describe  briefly  the  picosecond  C02  laser 
system  used  in  this  experiment.  In  Section  III,  the  experimental 
techniques  and  procedures  are  described.  The  data  handling  methods  to 
obtain  the  true  average  number  of  CO^  photon  absorbed  <n>  and  the 
absorption  cross  section  o  is  also  discussed.  A  novel  way  of  thermally 
heating  a  polyatomic  molecule  by  a  collisional  MPA  process  will  then  be 
presented  in  Section  IV.  The  results  of  the  picosecond  measurements  are 
presented  in  Section  V  where  their  significance  will  also  be  discussed. 

A  brief  conclusion  will  then  be  drawn  in  the  final  section. 
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II.  THE  LASER  SYSTEM 

The  generation  of  picosecond  CC>2  laser  pulses  using  the  process 
of  optical  free  induction  decay  has  been  described  previously. ^a,t) 
Essentially,  a  group  of  CO2  molecules  are  prepared  in  their  upper 
(00°1)  lasing  level  by  passing  a  normal  100  nanosecond  TEA  laser  pulse 
through  a  long  CO2  gas  tube  at  high  temperature.  The  traditional 
way  of  obtaining  optical  free  induction  decay  is  by  Stark-switching 
the  absorbing  system  out  of  resonance  with  the  incident  laser. ^  The 
free  induction  decay  will  then  occur  at  a  slightly  different  frequency. 
In  our  system,  we  simply  turn  off  the  incident  laser  pulse  suddenly 

O 

using  a  plasma  shutter.  The  optical  free  induction  decay  pulse 
that  follows  will  be  at  the  same  frequency  as  the  incident  TEA  laser 
pulse. 

The  laser  system  is  shown  in  Fig.  1.  A  hybrid  grating  tuned  TEA 

g 

and  a  low  pressure  CO2  laser  was  employed  to  provide  a  single 
longitudinal  mode  laser  pulse  of  100  nsec  duration  and  5  MW  peak  power 
in  the  TEMQq  mode.  The  hydrid  configuration  was  necessary  in  order 
to  narrow  the  bandwidth  of  the  CO2  laser.  Moreover,  the  smooth 
pulse  profile  provides  much  better  stability  with  the  plasma  shutter, 
and  produces  picosecond  pulses  with  very  little  amplitude  fluctuations. 

The  plasma  shutter  was  a  1:1  telescope  with  a  pair  of  f/1  germanium 
lenses.  Premature  untriggered  gas  breakdown  was  prevented  by  passing 
clean  nitrogen  gas  through  the  focal  volume.  At  the  peak  of  the  laser 
pulse,  a  d.c.  spark  was  fired  which  in  turn  triggered  the  main  gas 
breakdown  stopping  completely  the  transmission  of  the  TEA  laser 
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pulse.  Since  the  d.c.  spark  was  triggered  by  the  laser  pulse  itself, 
this  plasma  shutter  could  be  timed  extremely  precisely  and  had 
practically  no  fluctuation.^ 

Part  of  the  truncated  laser  pulse  was  split  off  using  a  coated 
germanium  substrate  beam  splitter,  and  sent  to  the  SFg  gas  cell 
after  some  mild  focussing.  The  remaining  portion  was  sent  through  a 
3  meter  long  tube  containing  typically  between  50  and  250  torr  of 
CO2  gas  in  double  pass.  The  tube  was  heated  to  400°C  in  order  to 
populate  the  lower  (10°0,  02*0)j  lasing  level  thermally.  Also,  to 
prevent  saturation  of  absorption  by  the  CO2  molecules,  the  TEA  laser 
pulse  was  spatially  filtered  before  entering  the  hot  gas  tube.  The 
optics  were  arranged  such  that  upon  leaving  the  CO2  absorption  tube, 
the  laser  pulse  was  collimated  and  has  a  Gaussian  spot  size  of  3.3  mm 
in  diameter. 

As  discussed  by  Yablonovitch  et  al.,^  the  optical  free  induction 

decay  pulse  at  the  output  of  the  hot  CO2  gas  tube  has  the  same  pulse 

peak  power  as  the  input  TEA  laser  pulse.  The  pulse  duration  can  be 

approximated  by  T2/a£,  where  T2  is  the  dephasing  time  of  the 

excitation  in  the  COg  gas,  a  is  the  linear  absorption  coefficient 

and  l  is  the  path  length.  In  our  system,  a  has  been  measured  and  the 

result  is  shown  in  Fig.  2.  This  measurement  is  in  agreement  with  the 

12 

results  of  Gerry  et  al.  when  scaled  to  the  same  temperatures. 

From  Fig.  2  we  can  obviously  distinguish  a  low  pressure  regime  of 
Doppler  broadening  and  a  high  pressure  regime  of  pressure  broadening. 
Since  we  always  operate  above  500  torr  in  the  CO2  gas  tube,  a£  can 
be  regarded  as  a  constant  with  a  value  of  12.5  nepers. 
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The  pulse  durations  of  the  optical  free  induction  decay  pulses 

have  been  measured  with  both  an  autocorrelation  method**  and  a  double 
13 

resonance  method.  The  measurements  agreed  quite  well  with  the 
prediction  of  f°r  the  Pu^se  durations.  In  our  experiments  on 

$Fg,  we  used  CO2  gas  pressures  of  40,  70,  140  and  250  torr, 
corresponding  to  pulse  widths  of  145,  90,  50  and  30  psec  respectively. 
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III.  EXPERIMENTAL 

In  the  experiments  reported  here,  we  measured  the  mean  energy 

absorbed  by  the  SFg  molecule,  represented  in  terms  of  the  average 

number  of  CO2  photons  <n  >,  and  the  absorption  cross  section  0  of  the 

excited  vibrational  state  of  SFg.  We  deduced  the  values  of  <n>  and 

a  as  a  function  of  the  laser  fluence  J  by  observing  the  attenuation  of 

14 

the  laser  pulse  through  a  SFg  gas  cell.  Provided  the  experi¬ 
mental  data  are  analyzed  properly  as  discussed  below,  this  method  is 
quite  suitable  to  the  study  of  MPA,  especially  at  low  levels  of 
excitation  where  the  optoacoustic  method  becomes  insensitive. 1b 

Before  dwelling  on  the  details  of  the  experimental  procedure,  let 
us  discuss  some  of  the  design  criteria  for  the  experiment.  Most 
important  of  all  is  the  energy  fluence  requirement.  The  picosecond 

CO2  laser  pulses  we  used  typically  had  a  peak  power  of  2  MW.  There- 

2 

fore  to  generate  a  fluence  of  1  J/cm  ,  the  laser  has  to  be  focussed 
quite  tightly.  In  our  experiments,  we  used  a  50.8  inch  focal  length 
AR  coated  germanium  lens  for  the  picosecond  laser  pulses.  For  such 
tight  focussing,  the  corresponding  Fresnel  length  is  rather  small. 

The  measured  beam  waist  before  focussing  was  1.65  mm.  Using  Gaussian 
optics,  for  a  50.8  inch  focal  length,  the  area  of  the  focussed  beam 
increases  by  a  factor  of  two  at  a  distance  of  3  mm  from  the  focal 
point.  Therefore,  in  order  to  ensure  a  uniform  parallel  beam  in  the 
SFg  gas  cell,  the  thickness  of  the  gas  cell  must  be  smaller  than 
4  mm. 
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Another  consideration  for  a  more  or  less  uniform  laser  beam  inside 

the  gas-cell  was  that  the  transmission  must  be  close  to  100%.  However, 

one  required  the  gas  cell  to  be  reasonably  optically  thick  in  order 

that  the  measurement  be  accurate  and  sensitive.  As  a  compromise,  we 

limited  the  transmission  of  the  laser  pulse  to  fall  within  50%  and 

80%.  This  then  imposed  a  lower  limit  on  the  SF^  gas  cell  pressure. 

On  the  other  hand,  the  gas  pressure  should  be  low  enough  to  ensure 

collisionless  interaction.  The  smallest  collisional  deactivation  time 
15 

ever  measured  for  SFg  was  13  nsec-torr.  Therefore,  in  order  to 
avoid  any  collisional  effect  in  our  experiments,  we  have  to  limit  the 
SFg  pressure  to  be  less  than  60  torr  for  a  200  psec  pulse.  Thus  the 
gas  cell  length  and  pressure  have  to  be  chosen  such  that  the  trans¬ 
mission  falls  within  the  range  stated  above.  In  our  measurements,  we 
typically  used  a  cell  pressure  of  20  to  30  torr  and  cell  lengths  of 
1  mm  and  3.7  mm. 

The  experimental  setup  is  shown  in  Fig.  3.  There  are  two  laser 
beams  going  into  the  gas  cell.  The  picosecond  pulse  was  delayed  with 
respect  to  the  truncated  pulse  by  32  nsec.  The  truncated  preheating 
pulse  was  not  in  use  for  the  energy  deposition  measurement  with  room 
temperature  SFg  molecules.  As  shall  be  explained  in  the  next 
section,  the  truncated  pulse  in  Fig.  3  was  used  to  thermally  heat  up 
the  SFg  molecules.  A  635  mm  focal  length  BaFg  lens  was  used  to 
focus  the  truncated  pulse  onto  the  gas  cell  to  ensure  that  all  the  gas 
molecules  the  picosecond  pulse  sees  are  uniformly  preheated. 


The  99.9*  SFg  gas  was  purchased  from  Matheson  Gas  Company 
without  further  purification.  A  Pennalt-Wallace  absolute  pressure 
gauge  was  used  to  monitor  the  gas  cell  pressure.  The  change  in 
fluence  passing  through  the  gas  cell  was  accomplished  by  moving  the 
calibrated  CaF2  attenuators  in  front  of  or  behind  the  gas  cell  while 
keeping  the  total  attenuation  constant.  This  allowed  us  to  perform 
the  entire  measurement  on  the  same  scale  of  the  amplifier  and  reduced 
the  requirement  on  the  dynamic  range  of  the  detection  system.  The 
CaFg  attenuators  were  sufficiently  flat  so  that  no  beam  deflection 
occurred  while  they  were  moved.  To  further  minimize  sensitivity  to 
misalignment  onto  the  detector,  the  output  beam  from  the  gas  cell  was 
refocussed  onto  the  detector  with  a  1:1  magnification. 

A  liquid  nitrogen  cooled  Ge:Au  detector  was  used  throughout  the 
experiments.  It  was  always  checked  that  the  detector  was  well  below 
saturation  to  ensure  a  linear  response.  The  detector  output  was  inte¬ 
grated  by  capacitive  loading  and  displayed  on  a  Tektronix  7904 
oscilloscope.  Typically  many  laser  shots  were  taken  and  the  data  were 
averaged.  The  blackbody  radiation  produced  by  the  plasma  shutter 
mentioned  in  the  last  section  was  detectable  even  after  a  more  than 
10  m  optical  path  and  spatial  filtering.  They  were  eliminated  by  an 
OCLI  8  uin  long  wavelength  pass  filter.  All  other  stray  lights  were 
blocked  by  a  diaphram  in  front  of  the  detector. 

NaCl  windows  were  used  in  the  SFg  gas  cells.  To  make  certain 
that  the  gas  cell  was  located  at  the  exact  focus  of  the  Germanium 
lens,  which  was  important  in  determining  the  laser  energy  fluence,  it 
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was  mounted  on  a  translation  stage.  To  locate  the  focus,  we  simply 
filled  the  gas  cell  with  SFg  and  moved  it  back  and  forth  to  find  the 
maximum  transmission.  This  procedure  ensures  that  the  cell  was 
located  at  a  place  of  maximum  light  intensity. 

Since  we  could  not  measure  the  picosecond  pulse  energy  directly 
using  an  energy  meter,  the  laser  fluence  was  determined  indirectly  as 
follows.  First  of  all,  using  a  normal  TEA  pulse  we  calibrated  the 
Ge:Au  detector  integrated  voltage  output  in  terms  of  the  true  absolute 
energy  using  a  well-calibrated  Scientech  power  meter.  This  was  done 
by  emptying  the  hot  COg  absorption  tube  and  turning  off  the  plasma 

shutter  so  that  the  detector  would  gel  the  entire  TEA  laser  pulse.  We 

then  filled  the  CO2  gas  and  turned  on  the  plasma  shutter  to  produce 

the  optical  free  induction  decay  pulses.  Since  the  detector  inte¬ 
gration  time  is  much  longer  than  both  the  TEA  laser  pulse  and  the 
picosecond  pulse  durations,  the  output  voltage  of  the  detector  should 
simply  be  proportional  to  the  pulse  energy  and  independent  of  the 
pulse  shapes.  Therefore,  from  the  detector  output,  we  could  infer  the 
picosecond  pulse  energy.  Incidentally,  the  ratio  of  the  picosecond 
pulse  energy  and  the  TEA  pulse  energy  always  came  out  to  be  simply  the 
ratio  of  the  pulse  durations  which  was  expected  if  the  two  pulses  had 
the  same  peak  intensities.  Since  the  spatial  profile  of  the  pico¬ 
second  pulse  was  very  close  to  a  Gaussian,  we  could  infer  accurately 
the  focal  area  by  measuring  the  beam  size  at  the  entrance  of  the 
2  inch  Ge  lens,  thus  completing  our  estimation  of  the  pulse  fluence. 


In  all  measurements,  we  always  checked  for  the  absence  of  saturation 
in  the  CO2  gas  tube  which  was  required  in  order  that  the  picosecond 
pulse  should  have  maximum  contrast  ratio. ®  This  is  important  because 
the  prepulse  duration  is  three  orders  of  magnitude  longer  than  the 
picosecond  pulse.  Every  precaution  must  be  taken  in  order  not  to  have 
the  integrated  signal  from  the  prepulse  interfere  with  the  real 
signal.  After  the  preliminary  checks  and  calibrations,  the  experiment 
can  be  performed.  The  transmission  T  of  the  SFg  gas  cell  was  defined 
as  the  ratio  of  the  integrated  detector  signal  with  the  cell  filled 
and  at  vacuum.  The  absorption  was  calculated  by 


where  N,  Lare  the  number  density  of  molecules  and  the  gas  cell  path 

length  respectively,  and  hu  is  the  CO2  photon  energy.  J  is  the 

2 

energy  fluence  of  the  laser  pulse  in  J/cm  .  Since  it  changes  its 
value  along  the  pathway  inside  the  gas  cell,  some  sort  of  averaging  is 
necessary  to  get  a  correct  value  of  J  in  (1).  One  can  either  use  the 
geometrical  mean  /T  J  or  the  arithmetic  average  of  the  fluence  at 
the  entrance  and  the  exit  of  the  SFg  cell.  The  two  means  are  iden¬ 
tical  provided  the  transmission  is  close  to  unity.  In  the  experiment, 
we  never  let  the  transmission  T  fall  below  50X. 

Corresponding  to  every  value  of  <n>,  we  can  define  a  gross 
absorption  cross  section  og  for  the  molecule 
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Og  «  (n )  hco/J  (2) 

We  can  also  obtain  the  excited  state  absorption  cross  section  o  given 
by 


d  (n )  ,  im 

o  =  — gj-  hu  (3) 

This  quantity  can  be  thought  of  as  the  small  signal  absorption  cross 
section  of  a  molecule  already  prepared  in  its  excited  state.  It  is 
obvious  that  o  is  more  physically  meaningful  than  <jg  in  investigating 
the  properties  of  the  QC. 

Let  us  discuss  now  the  data  reduction  procedure  that  is  necessary 
in  this  kind  of  measurements.  The  main  observation  about  the  experi¬ 
mental  data  is  that  they  are  already  averaged  spatially  in  the  sense 
that  the  laser  fluence  varies  across  the  laser  beam.  Fortunately,  for 
lasers  with  a  Gaussian  profile,  there  exists  an  exact  deconvolution 
procedure^  whereby  the  truly  fluence  dependent  transmission  T  can 
be  obtained  from  the  measured  transmission  T^(J)  by 

T  d*nTM(0>  I 

T<J!  -  VJ>  L1  *  -TO-J  <«> 

Physically,  we  can  think  of  TM( J)  as  the  transmission  measured  with 

a  pulse  with  spatial  profile  J(r)  =  Joe~2r  ^w0  and  T( 0)  as 

the  transmission  measured  with  a  pulse  of  constant  spatial  profile. 


e.g., 
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J(r) 


*L  r  < 

o  —  o 

0  r  >  w„ 

o 


(5) 


Obviously,  formula  (4)  need  not  be  used  if  such  a  laser  pulse  exists. 

Notice  that  in  (4),  the  correction  term  dJlnTM/d£,nJ  is  always 
negative  for  a  saturating  system.  Without  saturation,  i.e.,  for 
linear  absorption,  this  term  will  be  zero.  It  is  generally  correct 
that  whenever  the  data  is  manipulated  in  any  way,  new  uncertainties 
will  be  introduced  which  will  increase  the  error  bars.  Fortunately  as 
we  shall  see  later,  the  saturation  of  absorption  for  the  picosecond 
pulses  is  very  small.  Hence  the  correction  needed  to  our  raw  data  was 
quite  small  and  did  not  introduce  undesirable  additional  errors. 

Once  the  truly  fluence  dependent  transmission  is  obtained,  <n>  and 
oq  can  be  calculated  using  (1)  and  (2).  In  principle,  o  can  be 
obtained  by  (3),  applying  the  differentiation  on  the  data  for  <n>.  In 
practice  it  is  easier  to  obtain  a  for  a G  employing  the  relationship 


This  relationship  can  be  obtained  from  (2)  and  (3)  as  follows.  Observe 
that  <n>hi)  =  <jgJ.  Differentiating  both  sides  with  respect  to  J,  we 
obtain 


IV.  THERMAL  EXCITATION  OF  SFg  USING  TRUNCATED  C02  LASER  PULSES 

In  this  section,  we  shall  describe  a  novel  way  of  obtaining 
thermally  excited  SFg  molecules  using  collisional  laser  excitation. 

In  many  experiments  on  MPA  and  MPD,  it  is  desirable  to  use  SFg 
molecules  which  are  already  in  the  quasicontinuum  whereby  the  discrete 
levels  can  be  ignored.  A  brute  force  method  of  getting  these  excited 
molecules  is  by  heating  the  entire  gas  cell  to  a  few  hundred  degrees. 
Here  we  present  an  alternative  method  of  heating  the  SFg  molecules. 

It  has  the  merits  of  simplicity,  and  can  be  generalized  to  other 
molecules  in  a  straight  forward  manner. 

The  vibrational  excitation  in  a  given  polyatomic  molecule  generally 
redistributes  first  among  the  rotational  levels  via  collisional  V-R 
energy  transfer  (rotational  hole-filling),  and  then  among  the  various 
vibrational  levels  via  collisional  V-V  transfer.  It  will  then  be 
followed  by  V-T  relaxation  where  the  internal  energy  will  equilibrate 
with  the  thermal  translational  energy  of  the  molecule.  In  ordinary 
thermal  heating,  the  translational,  vibrational  and  rotational  temper¬ 
atures  are  the  same.  However,  in  MPA  interaction,  the  translational 
temperature  of  the  molecule  does  not  play  any  significant  role  since 
it  only  contributes  negligible  Doppler  broadening  anyway.  Therefore, 
the  molecule  can  be  considered  "thermally"  excited  if  the  vibrational- 
rotational  temperature  has  been  established,  i.e.,  after  the  competion 
of  V-R  and  V-V  energy  relaxation  but  not  V-T  relaxation.  For  SFg, 
the  V-R  and  V-V  relaxation  times  are  150  ns-torr  and  1.2  usec-torr 
respectively.*7 
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Our  scheme  of  "thermally"  heating  the  SF^  molecules  consists  of 
exciting  the  molecules  using  a  truncated  CO2  laser  pulse  and  then 
allowing  the  excitation  to  relax  among  the  vibrational-rotational 
states  by  collisions. 

To  determine  whether  the  molecules  are  sufficiently  thermal ized, 

we  need  a  reference  standard  of  thermal  heating.  Nowak  and  Lyman  (NL) 

measured  the  absorption  cross  section  of  SFg  molecules  using  a  weak 
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CW  CO2  laser  after  thermal  shock  tube  heating.  Their  results 
provide  an  excellent  calibration  standard  to  test  for  thermal  heating 
in  our  experiment.  To  see  that  this  is  the  case,  we  plot  in  Fig.  4 
the  absorption  cross  section  a  at  P(20)  as  measured  with  a  truncated 
TEA  C02  pulse,  at  various  cell  pressures.  Since  the  truncated  pulse 
is  “30  nsec  duration,  we  expect  increasingly  better  thermal ization  as 
we  increased  the  cell  pressure.  Indeed,  as  seen  from  Fig.  4,  the 
measured  result  approached  that  of  the  measurement  of  NL  as  the 
pressure  increased  from  5  to  50  torr.  The  discrepancies  at  low  values 
of  <n>  is  probably  due  to  the  initial  bottlenecking  effect  which  is 
not  negligible  even  at  50  torr  for  weak  excitation  pulses. 

To  further  allow  the  SFg  molecules  to  thermal ize  before  we  study 
them  with  picosecond  pulses,  we  allowed  a  32  nsec  time  delay  between 
the  truncated  pulse  and  the  picosecond  pulse.  Moreover  for  experi¬ 
ments  done  with  thermally  heated  SF^,  we  always  turned  the  C02 
laser  to  the  P( 28 )  line.  This  is  because  the  absorption  spectrum  of 
SFg  exhibits  a  redshift  as  it  is  heated.  Therefore,  to  obtain  a 
larger  o,  the  laser  should  be  correspondingly  tuned  to  the  red. 
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Moreover,  the  maximum  a  as  a  function  of  the  truncated  heating  pulse 
fluence  is  experimentally  very  convenient  for  adjusting  the  fluence  of 
the  heating  pulse. 

Figure  5  shows  the  absorption  cross  section  measured  by  a  weak 
picosecond  probe  laser  pulse  when  the  truncated  pulse  fluence  was 
varied.  The  horizontal  axis  was  obtained  from  an  independent  measure¬ 
ment  of  <n>  versus  J  using  the  P( 28)  truncated  pulse.  Two  different 
SF6  cell  pressures  were  used.  It  can  be  seen  that  with  50  torr  of 
SFg  in  the  gas  cell,  the  measured  o  agrees  with  the  thermal  shock 
tube  measurement  exactly,  indicating  that  the  internal  energy  deposited 
by  the  truncated  pulse  is  fully  vibrational ly  thermalized  by  collisions 
The  20  torr  curve  in  Fig.  5  follows  the  same  pattern  but  shows  consider 
ably  saturation  of  absorption  at  low  fluences.  This  is  presumably  due 

to  insufficient  collisional  population  redistribution.  The  peak  a  in 

2 

Fig.  5  corresponds  to  a  heating  pulse  fluence  of  only  0.054  J/cm  . 

We  note  here  that  this  technique  of  collisional  thermal  excitation 
in  a  collisionless  experiment  is  possible  only  because  we  are  using 
both  nanosecond  and  picosecond  laser  pulses.  20  Torr  of  SF&  in  a 
gas  cell  is  high  pressure  enough  for  vibrational  and  rotational  relax¬ 
ation  for  the  truncated  pulse,  but  at  the  same  time  low  pressure 
enough  for  collisionless  interaction  with  the  picosecond  pulses. 
Presumably  this  technique  can  be  generalized  to  nanosecond  TEA  pulse 
experiments  provided  a  nsec  pulse  is  available  for  thermal  heating. 


From  NL,  the  peak  of  the  absorption  at  P( 28)  corresponds  to  a 
temperature  of  650°K.  Thus  we  have  an  accurate  definition  of  the 
temperature  of  the  SFg  molecules  before  the  picosecond  pulses  arrive. 
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V.  RESULTS  AND  DISCUSSION 

(a)  SP6  at  300 “K 

Figure  6  presents  the  data  on  the  average  photon  number  absorbed  (n>  by 
an  SFg  molecule  as  a  function  of  the  laser  pulse  fluence.  We  made 
the  measurements  at  four  different  optical  free  induction  decay  pulse 
durations  of  30,  50,  90  and  145  psec,  respectively.  The  data  reduc¬ 
tion  procedure  described  in  Section  III  has  been  carefully  applied. 

The  data  was  very  reproducible  upon  repeating  the  experiment.  The 
only  sources  of  error  came  from  the  uncertainty  in  knowing  the  laser 
fluence  exactly,  together  with  a  ~5%  error  in  reading  the  signal 
voltages.  So  the  relative  error  between  the  different  curves  in 
Fig.  6  should  be  quite  small  (10%)  while  the  absolute  error  was  esti¬ 
mated  to  be  50%.  Since  the  experimental  curves  are  almost  straight 
lines  with  unity  slope,  making  an  error  in  J  will  produce  the  same 
error  in  <n>.  This  means  that  the  data  point  will  simply  slide  along 
the  experimental  curve.  Hence,  the  uncertainty  in  knowino  exactly  the 
laser  fluence  should  not  alter  the  absolute  position  of  the 
experimental  curves  in  Fig.  6. 

The  experimental  results  show  that  at  very  high  intensity  levels 

the  energy  deposition  curves  do  not  have  any  tendency  to  saturate  and 

converge  near  the  dissociation  threshold.  As  mentioned  in  the 

Introduction,  for  the  range  of  fluences  used,  there  should  not  be  any 

dissociation  occuring  during  the  laser  pulse  because  of  the  finite 

5a 

dissociation  lifetime  (although  dissociation  may  occur  after  the 
laser  pulse  is  gone,  it  does  not  affect  our  measurement).  So  we  were 
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indeed  measuring  the  true  laser  absorption  by  the  SFg  molecules  at 
very  high  levels  of  excitation.  This  is  different  from  experiments 
done  with  longer  duration  pulses  where  at  large  <n>,  there  may  be 
competition  due  to  dissociations,  and  complications  from  absorption  by 
the  dissociation  products. 

One  interesting  observation  is  that  even  at  an  excitation  level  as 

high  an  <n>  =  20,  where  all  the  molecules  should  be  excited  to  the 

quasicontinuum,  the  differences  between  the  various  curves  persist. 

This  implies  that  the  absorption  in  the  QC  is  not  straightly  fluence 

dependent.  To  elucidate  on  the  interpretation  of  the  experimental 

data,  we  plotted  the  30  psec  data  together  with  the  500  psec,  30  nsec 

and  100  nsec  data  of  Black  et  al.3b’^  in  Fig.  7.  Plotted  on  the 
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same  figure  is  also  the  derived  data  of  Nowak  and  Lyman,  (see 
Appendix  I).  The  last  curve  is  a  hypothetical  case  of  MPA  in  SFg 
where  the  absorption  cross  section  of  the  SFg  molecules  follow 
exactly  the  thermally  measured  value.  This  is  a  very  useful  curve  for 
comparing  with  the  data  obtained  using  laser  pulses,  especially  in 
testing  the  thermal  bath  model. 

Since  we  are  trying  to  compare  the  results  of  two  different 
measurements,  it  is  perhaps  imperative  to  note  the  differences  in 
experimental  conditions  and  the  error  limits.  The  laser  pulses  used 
in  the  experiments  of  Black  et  al.  were  as  well  characterized  as  the 
present  paper:  their  100  nsec  pulse  was  smoothed  by  the  same 
technique  as  described  in  this  paper,  the  truncated  30  nsec  pulses 
were  obtained  by  a  triggered  plasma  shutter,  and  the  500  psec  pulses 


were  produced  also  by  the  process  of  optical  free  induction  decay. 

Their  MPA  results  were  obtained  by  the  optoacoustic  method. 

Reference  3b  presented  a  very  thorough  discussion  on  the  data 

reduction  and  the  correct  handling  of  various  corrections.  The 

procedure  used  was  by  fitting  the  experimental  curve  with  an  analytic 

function,  and  then  performing  the  Gaussian  beam  correction.  The 

biggest  correction  came  from  the  high  fluence  portion  of  their  data 

where  the  accuracy  might  be  complicated  by  dissociation.  However,  we 

2 

are  only  interested  in  fluences  below  1  J/cm  where  there  is  no 
dissociation  and  the  measured  result  had  very  little  spatial 
correction.  Therefore  there  should  not  be  any  serious  problem  in 
comparing  their  results  with  ours. 

The  biggest  source  of  error  in  optoacoustic  measurements  is  the 
absolute  calibration  of  the  optoacoustic  signal  to  the  real  average 
energy  absorbed  the  molecules.  To  do  so,  an  energy  transmission 
measurement  has  to  be  performed  the  same  way  as  described  in  this 
paper.  Other  than  this  extra  step  of  calibration,  all  the  data 
handling  procedures  are  the  same  between  the  present  experiment  and 
that  of  Black  et  al. 

With  these  limitations  in  mind,  let  us  examine  the  various  curves 
in  Fig.  7.  At  low  fluences  and  small  number  of  CO2  photons 
absorbed,  the  shorter  duration  pulses  have  much  larger  absorption. 
There  is  almost  a  two  order  of  magnitude  difference  in  <n>  between  the 
30  psec  and  the  100  nsec  data.  This  is  certainly  due  to  the 
bottlenecking  effect*3  of  the  discrete  levels.  However,  if 
absorption  in  QC  is  strictly  fluence  dependent,  all  the  experimental 
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curves  should  merge  at  high  intensities  with  the  thermal  curve  (e). 
From  Fig.  7  this  is  definitely  not  the  case.  Instead,  the  differences 
in  <n>  between  the  different  duration  pulses  persist  up  to  very  high 
excitation  levels  of  <n>  -  40,  and  show  no  resemblence  to  curve  (e)  at 
all. 

The  dependence  of  the  energy  absorption  on  the  laser  intensity  in 
the  QC  is  more  transparent  if  we  plot  <n>  as  a  function  of  the  peak 
intensity  at  a  fixed  energy  fluence.  Figure  8  presents  such  a  plot  at 
a  fixed  fluence  of  0.2  J/cm  .  The  range  of  intensities  almost  vary 
by  four  orders  of  magnitude.  For  <n>  <  4,  the  increase  in  energy 
deposition  is  attributable  simply  to  the  bottlenecking  effect  of  the 
discrete  levels.  As  the  laser  intensity  is  increased,  more  and  more 
molecules  are  coupled  to  the  QC  where  the  stepwise  energy  absorption 
takes  place. 

Total  transition  into  the  QC  is  estimated  to  occur  at  intensities 

of  1000  MW/cm^  by  Schulz^*  (Galbraith  et  al.  estimated  40  MW/cm^ 

(Ref.  ^0a)).  In  this  limit,  the  energy  absorbed  by  the  SFg  molecule 

should  stay  constant  at  a  value  given  by  the  thermal  absorption 

measurement  if  energy  fluence  scaling  holds  in  the  QC.  From  numerical 

integration  of  the  data  of  NL  (Appendix  I),  the  limiting  number  of 

2 

CO2  photons  absorbed  by  the  SF^  molecule  at  0.2  J/cm  should  be 

11.5.  The  expected  behavior  from  energy  scaling  law  is  qualitatively 
•  •  30 

indicated  by  the  dashed  line  in  Fig.  8.  However,  the  observed 
data  do  not  appear  to  reach  any  asymtotic  value  at  all  and  continue  to 
increase  as  the  laser  intensity  is  increased.  The  apparent  point  of 


25 


departure  from  the  thermal  absorption  behavior  occurs  at 
400  MW/cm2.31 

It  is  interesting  to  note  that  the  picosecond  data  points  in 
Fig.  8  can  be  fitted  by  a  straight  line  of  slope  1/2.  Since  the  Rabi 
frequency  is  given  by 

<i»P  =  uE/  h  (8) 

where  p  is  the  transition  dipole  moment  and  E  is  the  electric  field  of 
the  laser,  the  observed  result  implies  that  at  a  fixed  laser  fluence, 

<n)  «  (9) 

The  role  of  the  Rabi  frequency  in  the  QC  has  never  been  emphasized 

in  previous  theoretical  treatments  of  MPA  and  MPD  in  polyatomic 

molecules.20a’b,c  The  dependence  on  intensity  seems  to  set  in  at 
2 

about  400  MW/cm  .  For  TEA  C02  laser  pulses  this  intensity 
dependence  in  the  QC  can  be  ignored  because  of  the  much  lower 
intensities  used.  However,  for  picosecond  pulses,  the  energy  fluence 
scaling  law  no  longer  holds  and  both  the  laser  intensity  and  total 
fluence  determine  the  interaction  of  the  laser  with  the  molecule. 

Actually,  energy  scaling  which  comes  from  Fermi's  golden  rule 
should  not  be  expected  to  hold  for  the  picosecond  pulses.  One 
condition  ’  g  for  the  golden  rule  of  transition  probability  to  be 
valid,  which  is  also  required  of  all  other  perturbative  methods  is 
that  the  "area"  of  the  pulse^  should  be  much  smaller  than  unity. 


The  area  of  the  pulse  can  be  approximated  by  wRtR  where  tp  is 

the  pulse  duration.  In  the  following,  let  us  estimate  the  Rabi 

frequencies  of  the  pulses  employed  in  the  experiment. 

In  the  discrete  levels  of  SFg  where  we  know  the  oscillator 

strength  quite  well,  we  can  easily  estimate  the  Rabi  precession 

frequency  which  determines  the  up  pumping  rate  and  the  power 

2 

broadening.  For  example,  for  a  0.1  J/cm  ,  30  psec  pulse, 

_1 

wp  ~  33  cm  .  However,  in  the  QC,  the  oscillator  strength  is 

24 

smeared  out  due  to  intermode  coupling  and  intramolecular  damping. 

phenomenologically,  we  assume  that  the  spread  of  oscillator  strength 

is  given  by  l/nT^  where  is  the  intramolecular  relaxation  time. 

The  intramolecular  relaxation  time  has  been  put  within  the  limits  of 

15 

30  psec  and  0.7  psec  recently  by  Kwok  et  al .  Therefore,  the 
spread  of  the  oscillator  strength  is  within  0.3  cm-*  and  14  cm  *. 

For  the  sake  of  giving  a  numerical  example,  let  us  take  T^  to  be 
5  psec  so  that  the  oscillator  strength  is  spread  over  2  cm-*.  We 
also  make  the  assumption  that  the  oscillator  strength  in  the  QC  is 
simply  reduced  by  the  ratio  of  the  laser  linewidth  and  the  width  of 
the  oscillator  strength  spread.  Then  the  Rabi  frequency  for  the  same 
pulse  mentioned  above  will  become  6  cm-*.  Therefore,  the  area  of 
the  pulse  is  larger  than  unity  invalidating  Fermi's  golden  rule. 
Moreover,  u>R  is  comparable  to  the  dephasing  time  T^.  This 
numerical  example  shows  that  for  the  picosecond  CO2  pulses  at  high 
intensities,  the  Rabi  frequency  is  comparable  in  value  to  l/nT^, 
i.e.,  the  up-pumping  rate  of  the  system  is  comparable  to  or  faster 
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than  the  intramolecular  relaxation  rate.  This  may  be  the  reason  why 

we  observed  an  intensity  dependent  energy  absorption. 

There  is  no  contradiction  between  this  last  conclusion  and  the 

fact  that  the  absorbed  energy  is  completely  randomized  during  the 
15 

laser  pulse.  The  up-pumping  rate  can  be  faster  than  the 

dephasing  rate  I/T2  while  T2  can  be  shorter  than  the  pulse 

duration.  Moreover,  we  note  that  this  occurs  because  of  the  very  high 

laser  intensities  in  the  picosecond  pulses.  Our  result  does  not 

necessarily  mean  that  the  energy  absorption  in  the  QC  depends  on  the 

intensity  even  with  ordinary  nanosecond  TEA  C02  pulses.  For  those 

pulses,  energy  fluence  should  dominate  over  intensity  dependent 

effects  because  the  intensities  are  not  high  enough  to  overcome  the 

T2  intramolecular  energy  relaxation. 

The  thermal  curve  (e)  in  Fig.  7  represents  the  case  of  truly 

thermal  multiphoton  heating.  Inasmuch  as  energy  fluence  scaling  holds 

and  intramolecular  energy  transfer  is  fast  enough  that  only  heat  bath 
25 

excitation  is  important,  all  experimental  <n>  versus  fluence 

curves  should  merge  with  the  thermal  curve  at  high  intensities.  We 

have  shown  above  that  this  is  not  true  for  high  peak  power  pulses. 

But  with  a  molecule  where  the  discrete  level  effects  are  not 

important,  one  should  obtain  better  agreement  between  laser  MPA  and 

thermal  heating.  This  was  actually  demonstrated  by  Cox  and 
26 

Horsley  in  a  complex  molecule. 

In  summary,  using  picosecond  pulses,  we  have  experimentally 
demonstrated  the  case  of  truly  nonthermal  excitation  of  the  SFg 
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molecule,  where  the  nonthermal ity  does  not  merely  come  from 
bottlenecking  effects.  Instead  it  is  due  to  the  coherent  nature  of 
the  laser-molecule  interaction  within  the  quasicontinuum. 

(b)  SF6  at  65Q°K 

In  this  experiment,  we  used  the  P(28)  line  of  the  laser.  A  fixed 
2 

fluence  (0.054  J/cm  )  truncated  pulse  of  30  nsec  duration  was  used 
to  preheat  the  SF^  molecules  as  described. in  Section  IV.  A  50  psec 
pulse  was  then  used  to  obtain  the  <n>  versus  fluence  curve  for  the  hot 
molecules  using  the  procedure  as  described  in  Section  III.  In  this 
experiment,  we  were  not  so  much  interested  in  the  pulse  duration 
dependence  of  <n>  as  the  saturation  properties  of  the  QC.  Therefore, 
only  one  laser  pulse  duration  was  used.  Since  all  saturation 
phenomena  are  closely  related  to  the  relaxation  mechanisms,  a  study  of 
the  saturation  properties  of  the  QC  should  provide  some  information  on 
the  intramolecular  energy  relaxation  rate. 

Figure  9  presents  the  measured  energy  deposition  curve  using 
50  psec  pulses  with  a  38.1  mm  focal  length  germanium  lens.  A  gas 
cell  of  1  mm  thickness  containing  30  torr  of  SF^  was  used  in  this 
experiment.  The  experiment  has  been  repeated  several  times  and  also 
different  focal  length  lenses  were  used  to  make  sure  the  results  were 
reproducible.  The  spatial  correction  as  described  in  Section  III  has 
already  been  applied  in  Fig.  9. 

From  the  experimental  data,  one  can  also  obtain  the  absorption 
cross-section  a  of  the  preheated  molecule  as  a  function  of  the 
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laser  fluence.  Combining  this  curve  with  Fig.  9,  one  can  then  get  the 
absorption  cross-section  as  a  function  of  internal  energy  in  the 
molecule.  This  is  shown  in  Fig.  10.  On  the  same  figure,  we  also 
plotted  the  thermal  absorption  data  of  Nowak  and  Lyman  using  a 
procedure  as  described  in  Appendix  I. 

From  Fig.  10  we  notice  an  initial  saturation  of  absorption  at  low 
picosecond  pulse  fluences  which  seems  to  be  universal  for  all  poly¬ 
atomic  molecule  MPA  experiments.  However,  the  absorption  cross 
section  rapidly  approaches  that  of  a  thermally  excited  molecule  at  a 
moderate  level  of  excitation  of  <n>  ~  8.  Unfortunately,  the  thermally 
measured  data  does  not  extend  beyond  8.5  CC^  photons  of  internal 

energy.  However,  comparing  with  a  thermal  band  countour  calcula- 
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tion,  represented  as  a  dashed  line  in  Fig.lQ,  we  can  see  that  at 
higher  values  of  <n>,  the  observed  absorption  cross-section  of  the 
molecule  is  definitely  larger  than  the  value  predicted  with  a  thermal 
distribution  of  excitations.  This  is  in  agreement  with  the  results 
obtained  with  300*K  SFg  molecules  in  the  previous  section.  It  is 
further  evidence  that  the  nonthermal  behavior  of  the  SFg  molecules 
does  not  come  from  the  initial  discrete  levels,  but  rather  is  a 
property  of  the  QC  at  such  high  laser  intensities.  The  experimental 
values  at  high  <n>  have  quite  big  error  bars  on  them  because  they  have 
the  most  experimental  uncertainty  and  also  the  largest  correction  factors. 

Let  us  estimate  here  whether  650*K  is  hot  enough  for  the  molecules 
to  be  considered  in  the  QC.  A  heuristic  definition  of  the  QC  is  that 


the  power  broadening  introduced  by  the  laser  is  sufficient  to  bring 
about  an  overlap  of  all  the  resonant  lines  of  the  system  or 

«R  »  1/p(E)  (10) 

where  p(E)  is  the  density  of  states  of  the  molecule.  This  operational 
definition  of  the  QC  depends  on  the  experimental  situation  and  is 
therefore  not  universally  applicable.  In  particular,  it  is  easily 
satisfied  by  the  picosecond  pulses  because  of  their  large  Rabi 
precession  frequencies  and  power  broadening.  For  SFg  at  650°K, 
p(E)  ~  10/cm-1. The  power  broadening  for  the  lowest  data 
point  in  Fig.  9  is  estimated  to  be  ~1  cm-1.  Hence  the  QC  condition 
is  satisfied.  However,  it  is  expected  that  for  a  thermal  distribution 
of  population  at  650°K,  there  must  be  still  some  molecules  trapped  in 
the  initial  discrete  levels.  This  presumably  is  the  cause  of  the 
initial  saturation  of  absorption  in  Fig.  10.  To  alleviate  this 
problem  and  perform  a  cleaner  experiment  on  the  QC,  one  can  either 
preheat  the  molecule  with  a  stronger  prepulse,  or  use  a  picosecond 
pulse  for  preheating,  or  use  overtone  pumping  by  a  strong  dye  laser. 

The  thermal  curves  used  in  Figs.  7  and  10  should  only  be  regarded 
as  a  reference.  Since  no  simple  statistical  definition  of  temperature 
exists  for  a  molecule  under  MPA  pumping  conditions,  it  is  unfair  to 
claim  that  SFg  should  behave  as  if  an  equilibrium  Boltzmann 
population  distribution  has  been  achieved. 
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Figure  10  represents  the  saturation  of  absorption  in  the  QC.  All 

previous  measurement  of  this  phenomenon  had  blended  into  a  great 

extent  the  effects  of  the  discrete  level  bottleneck.  As  mentioned 

above,  the  observed  absorption  can  be  called  "superthermal "  because  it 

is  always  larger  than  the  thermal  absorption  at  the  same  internal 
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energy.  Stone  and  Goodman  recently  pointed  out  a  new  formulation 

of  the  absorption  in  the  QC  using  a  fully  coherent  interaction 

picture.  They  showed  that  energy  deposition  and  hence  the  absorption 

cross  section  can  be  intensity  dependent  if  the  radiative  pumping  time 

scale  is  comparable  to  the  intramolecular  relaxation  time.  This  also 

20c 

was  pointed  out  by  Quack  in  deriving  the  master  rate  equations 
from  the  Schrodinger  equation  describing  the  laser-molecule  inter¬ 
action.  Multiphoton  interaction  in  polyatomic  molecules  using  very 
strong  laser  fields  and  short  pulse  durations  is  characteristically 
different  from  ordinary  TEA  laser  interactions  and  merits  much  more 
careful  investigation,  both  experimentally  and  theoretically. 

While  the  observation  can  be  explained  qualitatively,  a  thorough 
understanding  of  the  role  of  intensity  is  still  lacking.  Especially 
the  population  distribution  and  the  possible  multilevel  coherence 
still  need  to  be  studied  and  clarified. 

Notice  that  there  are  two  types  of  dephasing  of  the  coherent  state 
prepared  by  the  CO^  laser.  The  T£  type  intramolecular  relaxation 
couples  the  energy  into  the  heat  bath.  This  dephasing  conserves  the 
energy  in  the  molecule.  The  other  kind  of  dephasing  arises  from  the 


inhomogeneous  broadening  of  the  band.  The  laser  pulse  will 

excite  simultaneously  states  that  are  within  the  linewidth  avl  of 

the  laser.  They  will  beat  together  incoherently  and  dephase  the 
23 

coherence  in  a  time  1/av^  which  is  simoly  the  laser  pulse 

duration.  This  type  of  dephasing  is  responsible  for  the  adiabatic 
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decay  observed  by  Kwok  et  al .  Recently  Steel  et  al .  observed  a 
collisionless  dephasing  of  the  2v^  level  using  degenerate  form  wave 
mixing  of  1.8  nsec.  Since  1  nsec  pulses  were  employed,  their  results 
were  probably  due  to  the  second  type  of  dephasing  which  has  nothing  to 
do  with  intramolecular  energy  relaxation,  contrary  to  the 
interpretation  by  Galbraith  et  al.2^a 


VII.  CONCLUSION 


In  this  paper  we  have  described  two  measurements  of  MPA  in  SFg 

using  picosecond  CO2  laser  pulses.  We  found  that  for  such  pulses, 

the  energy  fluence  scaling  law  no  longer  holds.  Instead,  a  remarkable 

intensity  dependence  was  observed.  This  effect  is  inherent  with  the 

picosecond  pulses  because  (i)  the  corresponding  intensities  and  Rabi 

frequencies  are  high,  comparable  or  larger  than  the  intramolecular 

relaxation  rate  of  the  molecule,  and  (ii)  the  transform  limited 

lifetime  broadening  of  these  pulses  enables  the  coupling  of  more 

states  in  the  QC.  Thus,  the  reduced  oscillator  strength  as  discussed 
24 

by  Goodman  et  al .  is  no  longer  very  small,  as  in  the  case  of 
ordinary  TEA  C02  pulses. 

Although  energy  fluence  scaling  has  played  an  important  role  as  a 

zeroth  order  approximation  in  the  description  of  multi  photon 

dissociation,  the  limitations  of  its  validity  must  be  recognized.  For 

picosecond  pulses  the  Rabi  frequency  can  readily  be  increased  to 

levels  where  the  one-photon  rate  equations  for  QC  absorption  have  to 

be  modified  by  coherent  effects.  It  is  also  well  known  that  at  small 

Rabi  frequencies  bottlenecking  effects  are  important.  This  occurs  for 
2 

pulses  of  0.1  J/cm  or  less  with  deviations  of  more  than  one 
nanosecond.  In  both  cases  intensity  dependent  effects  are  observed 
which  depend  on  the  pulse  duration  at  constant  energy  fluence. 

Although  it  is  difficult  to  vary  the  pulse  duration  at  constant 
fluence  over  many  orders  of  magnitude,  more  experiments  on  absorption 
of  picosecond  pulses  by  other  molecules  are  desirable.  The 
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dissociation  probability  by  a  pulse  of  fixed  picosecond  duration  should 
also  be  measured  as  a  function  of  intensity.  It  is  believed  that 
picosecond  data  can  test  more  precisely  various  theoretical  models  of 
excitation  in  the  QC  regime. 

Although  it  is  possible  to  achieve  a  nonthermal  population 
distribution  by  picosecond  pumping,  no  claim  for  mode  selective 
chemistry  is  made.  Energy  equipartition  will  occur  rapidly,  albeit  in 
a  time  longer  than  the  Rabi  period.  It  is  believed  that  molecules  can 
be  excited  to  energies  considerably  higher  than  with  longer  pulses. 

This  should  be  observable  as  an  increase  in  the  internal  and  kinetic 
energies  of  dissociation  products  in  molecular  beam  experiments. 
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APPENDIX  I.  THERMAL  MPA  IN  SFg 

In  this  appendix,  we  explain  how  the  thermal  curves  in  Fig.  7  and 

Fig.  10  were  obtained  from  the  thermal  shock  tube  measurements  of 
18 

Nowak  and  Lyman.  They  basically  measured  the  small  signal 
absorption  cross  section  a  of  an  excited  SF^  molecule  at  T*K.  Now, 
using  quantum  statistics,  it  is  possible  to  relate  the  total  internal 
energy  in  the  molecule  E  and  the  temperature  T.  The  average  number  of 
photons  <n>  deposited  is  related  to  E  by 


E  =  Eq  (at  300 °K)  +  <n)h« 


(11) 


Therefore,  from  the  NL  data  of  o  versus  T,  we  can  obtain  a  curve  of  o 
versus  <n>  for  both  the  P(20)  and  P(28)  lines  of  the  CO2  laser. 

This  was  the  smooth  curve  in  Fig.  10. 

The  next  step  involves  the  reduction  of  the  data  to  get  the  <n> 
versus  fluence  J.  This  is  the  hypothetical  energy  deposition  curve  if 
the  absorption  of  the  molecule  follows  the  thermal  cross-section. 

Note  that 


o 


d<n> 
"d T 


No 


can  be  written  as 

hw  —  d<n>  =  dJ 
a 


(12) 
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31.  From  the  onset  of  coherent  interaction,  one  can  estimate  crudely 
the  magnitude  of  the  dephasing  time  l^.  Assume  that 
vig^E/  **  at  the  onset.  As  discussed  in  the  text,  the 

effective  transition  moment  is  given  by  =  wUv^/av^) 

U 

where  Avl  is  the  laser  linewidth  and  av  =  l/irT^.  If 

coherent  effect  starts  to  compete  with  intramolecular  dephasing 
2 

at  400  MW/cm  ,  then  the  above  argument  gives  ~  6.6  psec, 
which  is  not  unreasonable. 


FIGURE  CAPTIONS 


Fig.  1.  The  picosecond  C02  laser  system.  A  fast  oscilloscope  is 

used  to  monitor  the  zeroth  order  output  of  the  grating.  The 
output  mirror  of  the  CO2  laser  is  translatable  by  a  double 
differential  micrometer  for  the  adjustment  of  the  cavity 
length.  This  procedure  guarantees  a  single  longitudinal 
mode  output  at  all  times.  The  d.c.  spark  gap  is  formed  by 
two  sharp  points  on  a  carbonized  surface  and  is  placed  at 
2  inn  from  the  focal  point  of  the  plasma  shutter. 

Fig.  2.  Experimentally  measured  absorption  coefficient  of  the  TEA 
laser  pulse  by  the  hot  C02  molecules  as  a  function  of  gas 
tube  pressure.  The  C02  gas  was  heated  to  700°K.  Two 
separate  regions  of  Ooppler  and  pressure  broadening  can 
clearly  be  distinguished. 

Fig.  3.  Experimental  setup  for  the  measurement  of  the  transmission 
of  the  picosecond  C02  laser  pulse  as  a  function  of  pulse 
intensity.  A  second  preheating  truncated  pulse  channel  is 
also  shown.  The  Ge:Au  detector  was  placed  inside  a  copper 
box  for  shielding  from  electromagnetic  noise. 

Fig.  4.  SFg  absorption  cross-section  at  P(20)  under  coliisional 

laser  excitation.  30  nsec  long  truncated  C02  laser  pulse 
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Fig.  5. 


Fig.  6. 


Fig.  7. 


Fig.  8. 


Fig.  9. 


A  measurement  of  the  absorption  cross-section  at  P( 28 ) 
showing  the  achievement  of  thermal  heating  of  the  SF^ 
molecules  by  collisional  multiphoton  absorption.  Experiment 
was  done  with  a  truncated  pulse,  followed  by  a  picosecond 
probe  pulse  with  32  nsec  time  delay. 

Energy  deposition  <n>  as  a  function  of  the  laser  fluence  for 
four  different  picosecond  pulse  durations.  As  explained  in 
the  text,  no  dissociation  can  occur  during  the  pulse 
interaction  even  at  <n>  >  40. 

Energy  deposition  curves  <n>  at  P(20)  for  various  pulse 
conditions  (a)  30  psec  date  from  this  experiment,  (b)  500 
psec  data  from  Ref.  19,  (c)  30  nsec  data  from  Ref.  19,  (d) 
100  nsec  data  from  Ref.  19,  (e)  derived  thermal  absorption 
data  from  Ref.  18. 

Energy  absorbed  by  the  SFg  molecule  as  a  function  of  pulse 

.  p 

intensities  at  a  fixed  energy  fluence  of  0.2  J/cm  .  The 

dashed  line  indicates  the  expected  behavior  if  energy 

absorption  in  the  QC  depends  only  on  pulse  fluence.  The 

asymtotic  value  of  <n>  is  obtained  from  Nowak  and  Lyman's 

data  (Ref.  18). 

Energy  deposition  <n>  as  a  function  of  pulse  fluence. 

50  psec  P(28)  CO2  laser  pulses  were  used.  SF&  cell 
pressure  was  30  torr  and  preheated  to  650 K  before  the 
picqsecond  pulse  arrived. 


I 


1 


43 

Fig.  10.  Absorption  cross  section  o  as  a  function  of  internal  energy 
of  the  SFg  molecules  at  the  p(28)  line  of  the  C02 
laser.  Data  became  more  inaccurate  at  high  energies.  Solid 
curve  shows  the  thermal  data  from  Ref.  18,  dotted  line  is 
the  theoretical  calculation  from  Ref.  26. 
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Reported  is  the  collisionless  infrared  multiphoton  excitation  of  \C>2  molecules  initially  prepared  in  an  electronically 
excited  state.  From  the  shape  of  the  infrared  induced  blue-shifted  fluorescence  spectrum  the  probability  distribution  Pin) 
for  the  net  absorption  of  n  photons  has  been  deduced. 


The  shape  of  the  probability  distribution  function 
P(n )  for  /i-photon  infrared  excitation  of  molecules 
has  been  the  subject  of  lively  discussion  in  the  liter¬ 
ature  [1--3J.  In  this  work,  we  report  the  observation 
of  infrared  multiphoton  vibrational  excitation  of  a 
molecule  initially  prepared  in  an  electronically  ex¬ 
cited  state.  By  monitoring  the  transient  visible  fluo¬ 
rescence  spectrum,  we  determined  the  energy  dis¬ 
tribution  function  produced  by  collisionless  infrared 
multiphotru  pumping. 

Vibrat  onal  excitation  of  an  electronically  excited 
molecule  has  been  reported  earlier  [4]  for  the  3A„ 
state  of  biacetyl.  That  excitation  involved  a  collision- 
al  energy  exchange  between  vibrationally  excited 
ground  state  molecules  and  optically  prepared  tri¬ 
plet  molecules.  The  present  experiment  involves  single 
photon  optical  excitation  of  NOy  molecules  from  the 
2At  ground  state  to  high  levels  of  the  strongly  mixed 
2B2~2Aj  vibronic  manifold,  followed  by  direct  in¬ 
frared  multiphoton  pumping  with  a  very  short  COy 
laser  pulse.  This  work  was  prompted  by  an  earlier 
report  [5] ,  in  which  weak  double  resonance  signals 
were  observed  in  NOy  molecules  exposed  simultane¬ 
ously  to  cw  Ar+  and  CO2  laser  beams. 

The  experimental  arrangement  is  shown  in  fig.  la. 

*  Supported  by  Office  of  Naval  Research. 

**  On  leave  from  the  Department  of  Chemistry,  Tel  Aviv 
University,  Israel. 

t  Permanent  address:  Department  of  Chemical  Physics,  The 
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Fig.  I.  (a)  Schematic  of  the  experimental  arrangement,  (b) 
Schematic  diagram  of  pumped  energy  levels. 

A  gas  cell  of  NO2  at  a  pressure  =  250  mTorr  is  sub¬ 
jected  to  a  0.5  ns  CO2  laser  pulse  and  an  antiparallel 
10  ns  dye  laser  pulse  which  overlaps  the  central  uni¬ 
form  intensity  region  of  the  infrared  beam.  The  de¬ 
lay  between  the  two  pulses  can  be  adjusted  from 
0-30  fis  with  a  30  ns  jitter.  The  fluorescence  pulse 
from  the  excited  NOy  molecules  is  imaged  onto  a 
photomultiplier  tube  through  narrow  bandpass  filters 
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and  recorded  on  a  dual-beam  oscilloscope.  Fig.  lb 
illustrates  the  energy  levels  participating  in  the  ex¬ 
periment. 

A  typical  series  of  fluorescence  signals  generated 
by  the  C02  laser  following  dye  laser  excitation  is 
shown  in  fig.  2.  A  small  portion  of  the  scattered  vis¬ 
ible  laser  pulse  leaked  through  the  narrow  band  filter 
and  was  recorded  at  the  left  edge  of  the  lower  trace. 
The  fluorescence  pulse  in  the  lower  trace  occurs  at 
the  instant  of  the  delayed  C02  pulse  which  is  on  the 
upper  trace  of  fig.  2.  As  can  be  seen  the  amplitude 
of  the  generated  fluorescence  decreases  at  a  charac¬ 
teristic  rate  Aq  as  the  delay  between  the  two  pulses 
increases.  No  signals  are  obtained  when  the  infrared 
pulse  precedes  the  visible  pulse.  While  ordinary  visible 
excitation  leads  only  to  Stokes-shifted  fluorescence, 
C02  laser  induced  signals  are  detected  at  frequencies 
blue-shifted  with  respect  to  the  dye  laser  frequency 
Wq.  The  spectral  width  of  the  induced  fluorescence 
depends  on  both  the  C02  laser’s  energy  fluence  and 
intensity.  Fluorescence  signals  have  been  recorded  at 
frequencies  blue-shifted  from  w0  by  energies  up  to 
5  times  the  C02  photon  energy.  The  induced  fluores¬ 
cence  spectrum  is  shown  in  fig.  3. 

The  relaxation  features  exhibited  by  the  multi¬ 
photon  induced  amplitude  and  fluorescence  decays 
are  comparable  with  the  decays  of  ordinary  fluores¬ 
cence  signals.  Our  study  of  the  ordinary  fluorescence 


Fig.  2.  Upper  trace:  infrared  laser.  Lower  trace:  induced  fluo¬ 
rescence  signal  at  470  nm  following  dye  laser  excitation  at 
502  nm.  Delays  arc  (a)  250  ns,  (b)  500  ns,  (c)  750  ns.  Time 
scale  500  ns/division. 


laser  at  502  nm.  Crosses:  prompt  spectrum  induced  by  CO2 
laser  following  dye  laser  excitation. 

decay  can  be  summarized  as  follows: 

(a)  The  fluorescence  decay  times  measured  at  pres¬ 
sures  exceeding  100  mTorr  scale  inversely  with  the 
pressure. 

(b)  These  decay  times  depend  strongly  on  the  ob¬ 
servation  frequency  to.  When  fluorescence  is  studied 
near  the  excitation  frequency  (w0  -  co  *  500  enr 1 ), 
a  quenching  rate  A0  =»  5.5  X  106  s_1  Torr-1  is  meas¬ 
ured  for  excilation  wavelengths  between  400  nm  and 
500  nm.  As  the  observation  frequency  is  shifted  fur¬ 
ther  to  the  red,  the  decay  rate  decreases.  For  exam¬ 
ple,  a  quenching  rate  A  =  1.3  X  1 06  s“ 1  Torr-1  is 
observed  for  540  nm  emission  while  exciting  at  421 
nm. 

The  decay  of  fluorescence  observed  at  frequencies 
near  co0  represents  the  collisional  relaxation  of  the 
sharp  vibronic  distribution  prepared  by  the  optical 
pulse  into  lower  vibronic  levels.  The  longer  decay 
times  observed  at  red-shifted  frequencies  are  due  to 
the  larger  number  of  successive  vibrational  decays 
required  to  deactivate  the  molecules.  Fluorescence 
is  observed  as  long  as  the  collisionally  relaxed  N02 
molecule  remains  in  the  energy  region  between  Ate 
and  Ato0.  The  decay  rates  reported  in  this  work  arc 
similar  to  those  reported  and  explained  by  Donnelly 
et  al.  (6) . 
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The  decay  rates  exhibited  by  the  blue-shifted  CO, 
induced  fluorescence  signals  also  scale  with  pressure. 
The  measured  decay  rates  vary  between  0.6  kQ  and 
*0,  with  the  latter  value  obtained  at  low  CO,  laser 
fluences.  The  increase  of  lifetime  with  fluence  is  re¬ 
lated  to  increased  population  in  levels  which  require 
successive  collisional  events  for  complete  deactiva¬ 
tion.  The  amplitude  versus  delay  relaxation  measure¬ 
ments  exhibit  the  same  features.  While  the  fluores¬ 
cence  decay  monitors  emission  from  multiphoton  ex¬ 
cited  molecules  with  energy  >  hui  the  amplitude  de¬ 
cay  monitors  the  population  of  NO,  molecules  still 
capable  of  being  excited  by  a  multiphoton  process 
to  an  energy  >  tioj.  Typical  values  for  of  0.65  kQ 
and  0.95  k0  were  obtained  for  the  amplitude  decay 
when  the  observation  frequency  corresponded  to 
blue-shifts  of  one  and  two  CO,  photons,  respectively. 

A  comparison  of  the  shape  of  the  prompt  (<30ns 
delay)  collisionless  infrared  induced  spectrum  with 
the  ordinary  fluorescence  spectrum  permits  us  to  ex¬ 
tract  the  absolute  probability  P(n)  for  an  n-photon 
absorption  event.  The  distribution  function  P(n)  may 
also  be  regarded  as  an  energy  distribution  function 
and  written  as  P(En  )  =  P(ti co0  +  uhul ),  where  P(En ) 
is  the  probability  of  occupation  of  that  group  of  lev¬ 
els  with  energy  near  En  =  /iw0  +  and  is  the 
photon  energy  of  the  infrared  laser.  In  what  follows, 
we  make  the  important  assumption  that  the  prompt 
fluorescence  spectrum  depends  only  upon  the  popu¬ 
lations  P(En )  and  not  upon  the  method  of  producing 
those  populations.  Then, 

oo 

F(w)=  £  A(u,En)P(En),  (1) 

n » 

where  F(w)  is  the  prompt  fluorescence  signal  ob¬ 
served  at  frequency  to,  and  A( to,  £„)  is  the  fluores¬ 
cence  spectrum  produced  by  a  population  in  that 
group  of  energy  levels  near  En.  In  general,  n  =  0,±1, 
±2, ...  corresponding  both  to  emission  and  absorption 
of  infrared  photons.  In  practice,  only  a  finite  group 
of  levels  have  non-zero  population  and  only  a  finite 
number  of  fluorescence  observation  frequencies  tom 
were  monitored.  Then  eq.  ( 1)  can  be  rewritten: 

£(tow)=  72A{um,En)P(En), 

n 

which  is  in  the  form  of  a  vector  equation  with 


matrix  elements  Amn  =A(cam.En).  The  matrix  of  coef¬ 
ficients  Amn  can  be  measured  one  column  at  a  time  by 
performing  the  following  auxiliary  experiment  using  or. 
ly  visible  light:  A  dye  laser  is  tuned  to  photon  energy 
En  and  its  absorbed  energy  is  measured.  This  deter¬ 
mines  a  population  P(En).  This  population  along 
with  the  vector  of  fluorescence  signals  observed  un¬ 
der  this  condition  determines  a  column  of  the  matrix 
Amn.  Repeating  this  procedure  for  different  de¬ 
termines  the  full  matrix.  With  a  knowledge  of  the 
elements  A mrn  the  matrix  can  be  inverted  to  give 

W,)*  Z(Amn)-lF(um).  (2) 

rrt 

If  the  fluorescence  spectrum  is  know  n  in  sufficient 
detail  the  populations  producing  it  can  be  calculated 
from  (2).  As  a  matter  of  choice,  the  observation  fre¬ 
quencies  were  selected  from  the  formula: 

**  co„  +  mo),  -  500  cm- 1 . 

Fig.  4  shows  the  population  distribution  resulting 
from  the  multiphoton  infrared  excitation  of  NO, 
molecules  optically  prepared  by  502  nm  dye  laser 
pulses.  The  CO,  laser  depletes  the  zeroth  level  and 
produces  a  falling  distribution  on  the  high  energy- 
side.  Due  to  the  small  changes  in  the  ordinary  Stokes- 


Fig.  4.  Histograms  of  probability  PUi)  for  the  net  absorrtion 
of  n  photons,  (a)  0.5  J/cmJ,  (b)  0.3  J/cmJ,  (c)  0.2  L'cm:. 
(d)  0.1  J/cmJ. 
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shifted  fluorescence  signals,  the  populations  at  ener¬ 
gies  less  than  7iua(l  could  not  be  determined.  Presum¬ 
ably  a  rather  symmetrical  distribution  falling  off  ai 
lower  energies  is  established. 

This  procedure  for  determining  P(n)  is  subject  to 
the  very  strong  assumption  that  the  fluorescence 
spectrum  from  levels  near  l'.n  is  the  same  whether 
produced  by  single  photon  or  multiphoton  excitation. 
Obviously,  the  selection  rules  and  the  precise  levels 
populated  may  be  quite  different  for  the  two  pro¬ 
cesses.  Nevertheless,  the  fluorescence  spectrum  is 
hardly  affected  by  this  difference  due  to  averaging 
caused  by  the  1  A  bandwidth  of  the  dye  laser  and  the 
50  A  bandwidth  of  the  fluorescence  filters.  If  the  dif¬ 
ferences  in  fluorescence  spectra  were  important  in 
our  case,  then  we  would  have  seen  a  fast  collisional 
scrambling  signal  similar  to  what  was  observed  by 
Donnelly  et  al.  [6] ,  but  contrary  to  our  observations. 

A  qualitative  survey  of  the  wavelength  depen¬ 
dence  of  the  CO,  laser  interaction  with  optically  pre¬ 
pared  N02  molecules  has  also  been  carried  out.  Blue- 
shifted  fluorescence  w  as  observed  when  tuning  over 
the  9.6  ;tm  and  10.6  /am  CO,  laser  lines  or  tuning 
the  dye  laser  between  450  nm  and  500  nm.  This  in¬ 
sensitivity  to  wavelength  is  surprising  in  view  of  the 
low  density  of  vibrational  states  of  the  triatornie  NO,. 
It  implies  that  exact  resonances  are  probably  un¬ 
necessary  for  multiphoton  excitation.  Indeed  infra¬ 
red  multiphoton  dissociation  has  recently  been  re¬ 
ported  in  the  triatomics  OCS  [7 1  and  S02  [8] . 


In  spite  of  the  rather  moderate  density  of  states, 
a  stochastic  rate  equation  approach  |(>)  mas  describe 
die  temporal  evolution  of  the  population  i'(n ).  If  so. 
the  evolution  can  be  regarded  as  a  random  walk  along 
the  energy  axis  with  steps  of  one  photon  each. 

We  wish  to  thank  Professor  F.  Kaufman  for  making 
available  a  preprint  of  his  work  and  Jerry  G.  Black 
for  assisting  with  the  computer  calculations. 
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Direct  collisionlesi  multiphoton  (MP)  excitation  of  the  triplet  vibronic  manifold  of  biacetyl  is  reported. 
Following  a  dye  laser  pulse  which  prepares  some  of  the  biacetyl  molecules  in  tbe  triplet  metastafcle  state,  the 
system  is  irradiated  by  an  intense  20  ns  9  6ya  CO.  pulse.  The  CO;  radiation  induces  fast  quenching  of  the 
phosphorescence  emission  from  the  'A,  excited  molecules,  it  a!-o  induces  an  emission  signal  in  the 
fluorescence  spectral  region  of  biacetyi.  This  signal  is  related  to  mtersystem  electronic  relaxation  (IER)  from 
excited  triplet  wbrontc  levels  into  isoenergetic  singlet  'A  ,  sabromc  levels.  Analysis  of  the  induced 
luminescence  signals  presides  information  on  the  collisionless  <MP  prompted  vibrational  distribution. 
Excitat'on  with  10  cyi  CO.  pulses  leads  to  tne  simultaneous  MP  pumping  of  both  the  ground  and  triplet 
manifolds.  The  generation  of  blue  emission  signals  in  tms  experiment  bears  a  close  resemblance  to  recent 
observations  of  prompt  visible  emission  due  to  MP  pumping  of  ground  state  molecules.  General  expressions 
for  she  emission  intensities  are  derived  with  v  special  emphasis  o  i  the  specific  features  of  MP  vibrational 
distributions.  The  detectability  of  MP  induced  emission  signals  is  discussed. 


oendix  3 


I.  INTRODUCTION 

The  collisionless,  infrared  multiphoton  excitation  of 
ground  state  polyatomic  molecules  has  been  the  subject 
of  many  recent  investigations.  The  diagnostics  for  the 
ciultiphoton  process  have  been; 

(a)  Optoacoustic  absorption  measurements1  followed 
by  the  determination  of  the  average  number  of  photons 
absorbed  per  molecule; 

(b)  Observation  of  multiphoton  induced  chemistry2; 

(c)  Observation  of  infrared  induced  emission  from 
the  excited  molecule3’4  or  from  excited  reaction  prod¬ 
ucts.  1 

r  £ 

Infrared  multiphoton  excitation  of  tfcfc  excited  elec¬ 
tronic  stater,  however,  is  still  a  new  research  area. 

In  this  case,  c /tangos  in  the  luminescence  are  expected 
to  be  induce!  by  the  vibrational  excitation,  and  thus  a 
powerful  new  diagnostic  is  added  to  the  investigation  of 
the  infrared  multiphoton  processes.  For  example,  the 
collisionless  multiphoton  pumping  of  electronically  ex¬ 
cited  NO;  molecules  has  recently  been  reported,  *  in 
which  an  analysis  of  the  induced  chances  in  the  emission 
spectra  pro-,  ided  an  estimation  for  the  ii-photon  absorp¬ 
tion  probabi.ity  Fin). 

In  this  work  we  report  the  direct  infrared  excitation 
of  the  triple*  srate  of  biacetyi.  First,  a  dvc  laser  pulse 
pumps  the.c.-O'ird  state  into  the  lA,  first  excited  singlet 
state  (see  F  g.  1).  from  which  intramolecular  couplings 
between  the  vibrov.c  maniic'.rts  of  the  ’a,  and  :Aa  elec¬ 
tronic  states  a  ad  collision-induced  v.brational  relaxation 
lead  to  the  tripping  of  some  of  the  excited  molecules  in 
the  metastable  triplet  state.  *  This  state  is  character¬ 
ized  bv  a  gr-en  phosphorescence  which  originates  from 
*  weakly  all c wed  radiative  transition  to  the  ground  state. 
Its  decay  is  (!orii,.-ted  by  a  radiationless  transition  to 
the  'a,  groc-1  state,  and  at  room  temperature  is  1.7 
ms  as  mea-  red  from  the  phosphorescence  lifetime. 1 


(This  value  should  be  compared  with  the  radiative  life¬ 
time  of  12  msec.3) 

Then,  irradiation  of  the  optically  excited  biacetyi  sam¬ 
ple  with  an  intense  infrared  CO.  laser  pulse  leads  to  the 
excitation  of  the  triplet  vibrational  mamtoia.  This  exci¬ 
tation  is  characterized  by  a  prompt  burst  of  blue  fluo¬ 
rescence,  and  a  fast  partial  quenching  of  the  green  Phos¬ 
phorescence  emission.  These  effects,  first  observed 
by  Burak,  Quelly,  and  Steinfeld3  (BQS),  have  been  in¬ 
terpreted  as  follows.  Due  to  the  intramolecular  scram¬ 
bling  of  the  lA,  and  3A.  zeroth  order  Born-Opi/enheimer 
vibrational  manifolds,  a  new  vibronic  manifold  is 
formed.  The  vibronic  levels  of  this  manifold  are  de¬ 
scribed  as  a  mixture  of  singlet  and  triplet  vibrc.de  states 
and  consequently  carry  oscillator  strength  for  emission 
in  both  the  fluorescence  and  phosphorescence  spectral 
regions.  The  observed  blue  fluorescence  signal  is  due 
to  the  CO.  laser  induced  accessibility  of  vioromc  levels 
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FIG.  t.  A  schematic  diagram  of  the  vibronic  manifolds  of 
biacetyi.  ^ 


nth  vibrational  energy  exceeding  the  singlet -triplet 
eparation  energy,  and  therefore  with  partiv  singiet 
haracter.  The  fast  drop  in  the  phosphorescence  mten- 
,ity  induced  by  the  CO.  laser  is  due  to  the  increase,  with 
dbrational  energy,  in  the  radiationless  transition  rate 
o  the  ground  state.  The  dependence  o.'  this  radiation¬ 
less  transition  rate  )  (£)  on  £  has  been  measured  by  Van 
ier  Werf  and  Kommandeur.  ■ 

The  previous  experiments  by  EQSs  involved  mainly 
the  indirect  vibrational  excitation  of  the  triplet  manifold. 
They  used  10.  6  p  CO.  laser  radiation  which  preferen¬ 
tially  excited  the  ground  rather  than  the  triplet  elec¬ 
tronic  state.  The  hat  lAt  molecules  then  acted  as  a  heat 
bath  for  the  'hennaiizaticn  of  these  molecules  in  the 
triplet  state,  thereby  increasing  the  observed  phospho¬ 
rescence  decay  rate.  The  present  work,  using  both 
9.6  n,  which  preferentially  excites  the  triplet  over  the 
ground  electronic  state,  and  10.6  p  CO.  laser  radiation, 
presents  evidence  for  the  direct  rr.uitiphoton  pumping  of 
the  triplet  state.  In  order  to  detect  an  initial  nonther- 
mal  vibrational  distribution,  the  BQS  experiment  has 
been  modified.  Better  time  resolution  was  achieved  by 
shortening  the  width  of  the  CO'  laser  pulse  from  100  to 
30  nsec.  The  use  of  a  more  intense,  puised  dve  laser 
instead  of  a  cw  argon  ion  laser  provided  detectable  vist- 

■  w  *  *<•«'* 

ble  signals  from  low  pressure  biacetyl  samples.  Thus, 
the  lowest  pressure  in  the  present  experiment  was  50 
mTorr,  while  in  the  former  experiment  it  was  5  Torr. 

A  detailed  description  of  the  experimental  system  is 
contained  it.  Sec.  III.  A  summary  of  the  theoretical 
background  involving  the  structure  of  the  mixed  singlet- 
triplet  vibrational  manifold  is  presented  in  Sec.  II.  The 
experimental  results  are  summarized  and  discussed  in 
Secs.  IV  ar.d  V,  respectively.  In  the  last  suction  our 
results  wilt  be  generalized  to  the  case  of  light  emission 
due  to  multiphoton  pumping  to  vibrational  levels  isoen- 
ergetic  with  the  vibronic  manifold  of  an  optically  active 
excited  electronic  state.  This  case  includes  the  recently 
observed  CO.  induced  emission  from  CrO;Cl:3  and 
F2CO.4  The  theoretical  aspects  of  these  inverse  elec¬ 
tronic  relaxation  (IER)  phenomena  have  been  discussed 
by  Jortner  and  Nitzan. 10,11  In  Sec.  VI  the  IER  theory 
will  be  used  to  provide  some  criteria  for  the  experimen¬ 
tal  detectability  of  IER  induced  emission. 

II.  THEORETICAL  AND  EXPERIMENTAL 
BACKGROUND 

The  photophysics  of  biacetvl  has  been  discussed  in  de¬ 
tail  elsewnere.  The  intramolecular  interactions  be¬ 
tween  the  zero  order  Born-Oppenheimer  sinclet  and 
triplet  vitronie  levels  lead  to  the  formation  of  a  single 
manifold;  the  I  ;)  levels  0:  this  manifold  are  mixtures  of 
the  zero  order  singlet  and  triplet  states.  It  is  conve¬ 
nient  to  ri  vide  (he  1 1>  manifold  into  vibrational  energy 
regions  A  and  ft.  Region  A  is  characterized  by  a  low 
density  oi  zero  order  singlet  vibronic  levels.  It  includes 
the  pure  unmi^ed  tr i plot  vibronic  states  with  vibrational 
energy  below  f,T,  the  singlet  tripiet  separation  energy. 
Above  Ftr  each  ringlet  vibronic  level  I  Si)  interacts  with 
a  eet  of  triplet  vibronic  levels  confined  to  a  width  iST 
•round  £;),  where 


Ast  =  2ji  v'pT  . 


(1) 


v  is  the  mean  singlet  triplet  interaction  energy  and  n-  ,  . 
the  mean  triplet  vibronic  density.  Diagonalizaticn  of  the 
molecular  Hamiltonian  of  this  set  leads  to  the  formation 
of  new  wave  functions  which  are  admixtures  of  the 
state  with  the  interacting  set  of  triplet  vibronic  levels. 
Consequently  the  A  region  is  divided  into  "black  I. ole" 
and  “contaminated"  subregions.  The  contaminated  suo- 
regions  consist  of  mixed  vibronic  levels,  ar.d  are  con¬ 
fined  to  strips  of  width  iST  around  the  vibrational  energy 
£sl  of  the  singlet  states  i Si).  The  black  hole  subregions 
consist  of  pure  triplet  vibronic  levels,  and  lie  between 
the  contaminated  subregions.  Region  £  is  characterized 
by  overlapping  sinclet  vibronic  levels.  More  precisely, 
region  3  starts  at  vibrational  energies  where  the  homo¬ 
geneous  widths  of  the  singlet  vibronic  levels  iS;  exceed 
Ps\  the  mean  separation  between  adjacent  singlet  levels. 
All  states  in  region  B  are  therefore  contaminated  with 
one  or  more  zero  order  singlet  states. 

Each  level  Ij)  in  the  diagonalized  manifold  has  a  width 
y,(E)  which  is  the  sum  of  a  radiative  width  and  a 
r.onradiative  width  yjr,  due  to  irreversiole  decay  into  the 
dense  ground  state  vibronic  manifold.  Since  the  r.onra¬ 
diative  width  dominates  over  the  whole  ,  >>  manifold, 
y,(£) ->*'(£).  Relations  between  y)  and  the  zero  orcc-r 
sir.glet  and  triplet  level  widths  ys  and  yT  have  been  de¬ 
rived  for  the  two  regions. ::  In  region  A: 


rum 


(2) 


The  singlet  character  of  the  level  E,  is  diluted  by  the 
mean  number  SA  of  interacting  triplet  vibronic  levels, 
where 


2VA(£)  =  A„pT(£)  . 

6(E  -  Es)  is  a  step  function  defined  as 


(2a) 


6(E-ES)  = 


-  2AST  <  £s  <  jAST 
10  elsewhere 


(2b) 


(3) 


(3a) 


In  region  B: 

rW-YrW  +  ffiy 

where  Nb(E)  is  given  by 
N  (r\_  Pt(£) 

The  emission,  due  to  the  presence  of  zero  order  sir.glet- 
triplet  oscillator  strengths  in  the  contaminated  I;' 
levels,  will  be  in  both  the  fluorescence  and  phosphores¬ 
cence  spectral  regions,  and  will  have  of  course  the  same 
decay  rate  in  both  spectral  regions. 

These  decay  rates  have  been  measured  in  experiments 
carried  out  by  Van  der  Werf  ar.d  Kommar.  iuur. :  in  :h:ir 
experiments,  a  bye  laser  was  used  to  optically  prep  me 
a  state  characterized  by  a  zero  order  sir.glet  vibrome 
wave  function  I  Si).  This  ISO  state  is  a  superposition  of 
I j)  eigenstates 


i*(o)Ms«>-i;c,ij>, 


(4) 


•  -  ■  jTU'^'HK-  »  ■■  m  ..  »i„wi  .  H»MiW  11  Jij.ua  «-i  »,  M  4  "P 


rith  a  time  evolution  given  by 

|*(<)>  =  £c/ exp (-iE,t/h) exp(-y,f/2) |;>  .  (5) 

The  decay  of  the  luminescer.ee  emission  probability  is 
leterir.ined  by  the  quantity  I  <5 1  *(f)) ; 2.  Lahmani  et  al. 13 
are  shown  that  this  decay  can  be  expressed  as  a  sum  of 
coherent  and  incoherent  contributions,  approximated  by 
;  biexponenti  tl  decay.  The  fast  component  is  due  to  the 
tephaslng  of  :he  initially  prepared  superposition,  wnile 
he  long  component  is  a  superposition  of  the  independent 
iecays  of  the  excited  j  levels,  and  therefore  described 
iy  the  mean  decay  rates  in  Eqs.  (21  and  (3).  The  de- 
lendence  of  t  tese  y(£)  on  vibrational  energy  was  then 
letermined  by  measuring  the  long  component  of  the  fluo- 
-escence  under  collisionless  conditions,  and  found  to  in¬ 
crease  steadily  with  vibrational  energy. 

II.  EXPERIf/.ENTAL 

A  schematic  diagram  of  the  experimental  system  is 
ihown.ln  Fig.  2.  Bincetvl  (purchased  from  Aldrich 
Chemical  Company,  95%  purity)  was,  after  freeze- 
Jump-thaw  distillations,  transferred  to  a  5  cm  diam. 

19  cm  long  Pyrex  luminescence  cell  with  NaCi  windows 
it  each  end.  The  cell  was  irradiated  in  one  direction  by 
50  ns,  20  pj  dye  laser  pulses  whose  pump  source  was  a 
requency  doubled.  (J-switched  ruby  laser.  The  wave - 
engths  used  were  ir  the  range  of  405-450  nm.  and  the 
doused  spot  diameter  was  1  mm.  Countorpropagating 
.hrough  the  cell  in  the  other  direction  was  a  20  ns,  0.  6 
I,  “truncated”  CO:  laser  pulse.  The  time  interval  be¬ 
tween  the  two  pulses  was  adjustable  up  to  a  jitter  of  60 
a?  determined  ly  the  firing  of  the  CO,  laser. 

The  COj  User  pulse  was  derived  from  a  Tachlsto  215 
JscilU.tor-pIrsT.a  shutter -Lumonics  TEA  103-1  ampii- 
'icr  system.  For  a  detailed  description  of  the  laser 
iystem,  see  Ref.  14.  The  oscillator  output  was,  via  a 
l  inch  focal  Ungth  germanium  lens,  brought  to  a  focus 
»*t  to  an  aluminum  block  onto  which  a  small  fraction 
3l  the  pulse  was  diverted.  The  UV  radiation  caused  by 
the  spark  on  the  aluminum  block  was  sufficient  to  pre¬ 


cipitate  an  avalanche  breakdown  within  the  focal  region 
of  the  main  pulse,  creating  an  overdense  plasma,  and 
truncating  the  CO,  pulse.  A  20  ns  FWHM  pulse  wit;;  no 
tall  is  thereby  generated  from  a  ICO  ns  pulse  with  a  long 
tail.  The  shape  of  the  truncated  pulse  is  shown  in  Fig. 

3.  The  resulting  pulse  is  then  amplified,  and  focused 
by  a  10  m  radius  of  curvature  mirror  to  a  3  mm  spot 
diameter  into  the  luminescence  cell.  The  overlap  cross 
section  between  the  two  laser  pulses  was  therefore  con¬ 
fined  to  the  central,  more  uniform  part  of  the  CO.  beam. 
A  MgF,  flat  served  the  dual  purpose  of  diverting  part  of 
the  CO.  beam  to  a  photon  drag  detector,  and  preventing 
damage  to  the  dye  laser  s  glass  optics. 

The  induced  luminescence  was  monitored  perpendicu¬ 
lar  to  the  excitation  beam  using  either  a  Hamamatsu 
R712,  or  an  EMI  9635QB  photomultiplier  tube,  aeper.ding 
On  the  spectral  region,  in  conjunction  with  appropriate 
Interference  filters.  If  the  signals  were  weak,  they 
were  first  passed  through  an  8  ns  FWHM.  gain  of  50 
homebuilt  amplifier  (consisting  of  an  LM725  video  am¬ 
plifier  and  an  LK033  buffer)  before  being  recorded  by  a 
Biomation  81C0  Waveform  Recorder.  The  total  system 
response  time  was,  including  laser  jitter,  80  ns  FWIfM, 
After  each  shot,  the  data  stored  in  the  Biomation  was 
read  into  a  home-assembled  Digitial  Equipment  Corpcr3- 
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FKi.  3.  The  truncated  COj  pulse.  Tlmo  scale  20  ns/dtv. 


K- 


7* 


tion  LSI- 11  microcomputer,  and  averaged  with  previous 
shots.  , 
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IV.  RESULTS 

In  this  section,  the  infrared  laser  Induced  changes  in 
the  characteristic  luminescence  from  the  triplet  mani¬ 
fold  of  biacetyl  will  be  described.  Biacetyl  samples 
were  excitea  with  a  pulsed  dye  laser  tuned  to  405  nm, 
and  a  COj  lase-  fired  at  a  controlled  delay  following  the 
excitation  by  the  optical  pulse.  Luminescence  was  ob¬ 
served  in  two  spectral  regions.  A  narrow  band  filter 
centered  at  -470  nm  was  used  to  monitor  the  blue  spec¬ 
tral  region;  these  signals  will  henceforth  be  referred  to 
as  the  fluorescence  signals.  A  long ,pass  filter  with  a 
cutoff  at  500  nm  was  used  to  monitor  the  phosphores¬ 
cence;  these  signals  will  henceforth  be  referred  to  as  the 
phosphorescence  signals. 

Figure  4  shows  the  infrared  absorption  spectrum  of 
biacetyl  between  900  and  1200  cm'1.  One  of  the  absorp¬ 
tion  peaks  overlaps  the  C02  10.6  p  P  branch,  but  none 
overlap  the  9. 6  p  P  branch.  The  CO>  laser  was  tuned 
to  the  P(20)  transitions  of  both  the  9.6  and  10. 6  p  bands. 

A.  9.6  fi  excitation 

The  effects  of  the  9. 6  p  CO,  radiation  on  tfle  phospho¬ 
rescence  signal  are  exhibited  in  Fig.  5(a).  The  optical 
pulse  induces  a  phosphorescence  signal.  In  the  absence 
of  C02  radiation,  the  phosphorescence  decays  rapidly 
(on  a  ps  scale)  to  a  quasistationarv  value,  after  which 
it  decays  slowly  with  a  characteristic  lifetime  of  1.7 
msec.  When  the  phosphorescence  intensity  attains  its 
quasistationary  value,  tide  CO,  laser  is  fired.  Exposure 
of  the  excited  system  to  C02  radiation  induces  a  fast  de- 


1KJ.  4,  Qt  absorbance  spectrum  of  btacctyl. 


FIQ.  5.  9.6  n  induced  emission  signals.  Upper  (a)  and  bottom 
(b)  traces  correspond  to  the  phosphorescence  and  fluorescence 
emission  signals,  respectively.  The  2ero  time  corresponds 
to  tbe  optical  excitation,  by  the  dye  laser  pulse.  The  introauc- 
tloo  of  the  IR  pulse  is  Indicated  by  an  arrow. 

cay  of  the  phosphorescence  signal  from  a  value  /,  to  a 
value  I  on  a  time  scale  much  shorter  than  the  charac¬ 
teristic  decay  time  of  the  unperturbed  phosphorescence. 
Two  main  decay  components  are  identified:  a  fast,  pres¬ 
sure  independent  component  with  a  decay  rate  greater 
than  107  sec’7,  and  a  slower  component,  the  lifetime  of 
which  varies  inversely  with  pressure.  Attenuation  of  the 
COj  pulse  results  in  a  smaller  drop  in  the  phosphores¬ 
cence  intensity.  In  order  to  characterize  the  drop  quan¬ 
titatively,  a  yield  YPr,  is  defined  as 

lW-tf//9)  .  '  (6) 

The  drop  yield  corresponding  to  a  C02  fluer.ee  of  4.0  J/ 
Cm5  is  0. 7.  Attenuation  of  the  CO;  pulse  by  a  factor  of 
two  reduces  the  drop  to  0. 15,  and  leads  also  to  the  dis¬ 
appearance  of  the  fast  component.  A  lower  value  is  ob¬ 
tained  for  the  drop  yield  if  it  is  confined  to  the  fast  com¬ 
ponent;  a  fast  drop  yield  Y fD  is  defined  through 

.  ri=i -(/,//,),  (7) 

where  If  is  the  phosphorescence  intensity  following  the 
fast  decay.  Thus  a  value  of  0.4  is  obtained  for  Y'c  at 
a  fluence  of  4.0  J/cm:.  The  fast  drop  yield  is  increased 
if  the  delay  time  between  the  optical  and  the  CO,  pulse  is 
decreased.  Figure  6  shows  the  fast  drop  yield  as  a  f inac¬ 
tion  of  the  delay  between  the  two  pulses.  As  the  delay 
is  increased,  Yg  decreases  exponentially  toward  a 
steady  value,  at  a  rate  which  Increases  linearly  with 
pressure,  and  with  a  value  of  3,3*10’'  s*1  Torr*1. 

The  induced  fluorescence  signal  [Fig.  5(b)]  is  charac¬ 
terized  by  an  instantaneous,  pressure  independent  rise 
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FIG.  6.  yj  vs  the  delay  between  the  visible  and  ER  pulses  for 
varloi-3  pressures  of  biacetyl,  m  150  mTorr,  ■  250  mTorr, 
500  mTorr. 


time,  and  a  decay  similar  to  that  observed  for  the  in¬ 
duced  phosphorescence  signal.  The  decay  times  of  the 
long  components  of  the  fluorescence  and  phosphores¬ 
cence  signal  exhibit  the  same  Pr  relations.  A  plot  of 
r*1  vs  pressure  is  shown  in  Fig.  7;  a  value  of  4x10s 
s'1  Torr*1  is  obtained  for  the  collisional  decay  rate. 
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FIG.  8.  10.6  )i  Induced  fluorescence  signals  frcm  1  Torr  biac 
blacetyl  sample.  The  upper  trace  is  prompted  by  5.  0  J.'c:r.; 

COj  pulse.  The  lower  trace  is  Induced  by  2.5  J/cnr  COj  pulse. 


B.  10.6  ji  induced  signals 

Similar  to  the  9. 6  p  case,  irradiation  with  10. 6  p  C02 
pulses  results  in  a  prompt  induced  fluorescence  and  a 
phosphorescence  quenching.  The  rise  time  of  the  fluo¬ 
rescence  signal  is  instantaneous  and  pressure  indepen¬ 
dent.  The  decays  of  the  10.  6  p  induced  signals,  how¬ 
ever,  are  characterized  by  the  appearance  of  a  new  com¬ 
ponent  whose  lifetime  depends  strongly  on  the  COj  laser 
fluence.  Figure  8  shows  two  typical  fluorescence  sig¬ 
nals,  corresponding  to  high  and  low  fluence.  The  signals 
mre  characterized  by  an  initial  spike  followed  bv  a  longer 
decay  component  whose  lifetime  decreases  as  the  fluence 
increases.  The  phosphorescence  has  the  same  longer 
decay  component  behavior  as  the  fluorescence,  but  lacks 
the  last  initial  decay  seen  in  the  9. 6  p  case. 
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FiC.  7.  Qw  netting  rates  of  the  slow  component  of  tho  9.6  p 
induced  fiuoi  r  i  :ence  signal  vs  the  pressure  of  the  biacetyl. 


V.  DISCUSSION 

The  Induced  fluorescence  and  phosphorescence  signals 
reported  in  the  last  sections  indicate  a  vibrational  ex¬ 
citation  within  the  triplet  manifold.  The  absence  of 
pressure  effects  on  the  rise  time  of  the  induced  fluores¬ 
cence  signals  excludes  collisional  causes;  moreover, 
the  short,  30  ns  width  of  the  CO:  pulse  ensures  a  colli¬ 
sionless  excitation  process.  Since  the  triplet-singlet 
electronic  separation  energy  is  21C0  cm*1,  the  genera¬ 
tion  of  a  blue  fluorescence  signal  sets  a  lower  limit  to 
the  accessed  vibrational  energy  of  two  CO;  photons. 

As  a  result  of  the  collisionless  multiphoton  process  a 
nonthermal  distribution  is  established  within  the  triplet 
manifold.  Subsequent  changes  in  tho  populations  of  the 
initially  excited  vibronic  levels  are  controlled  by  two 
mechanisms: 

1.  An  intramolecular  conversion  into  the  ground  elec¬ 
tronic  state  depletes  tho  population  of  the  excited  elec¬ 
tronically  state.  If  rAE)  is  the  population  densuv  of 
triplet  molecules  with  vibrational  energy  £,  the  deple¬ 
tion  rate  of  this  level  is  given  by 

ij«(E)=-y(£M£)  .  (8) 

•Tho  intramolecular  depletion  of  the  total  number  cf  elec¬ 
tronically  excited  molecules  .Vr  is  given  by 

^  =  -fy(E)u(E)JE  .  (91 

2.  Vibrational  relaxation  processes  due  to  collisions 
with  ground  state  molecules  lead  to  vibrational  energy 
redistribution.  Ultimately,  equilibration  between  the 
vibrational  temperatures  of  the  ground  and  triplet  elec¬ 
tronic  states  is  established. 


5? 


The  fast,  pressure  independent  component  of  the  9.6 
p  induced  e-nission  signals  is  due  to  the  intramolecular 
decay  of  molecules  excited  to  hiij h  vibrational  levels, 
where  radio  tier,  less  transitions  to  the  ground  state  are 
extremely  fast.  If  k  is  the  collisional  relaxation  rate  of 
molecules  excited  to  vibrational  energy  E,  then  the  fast 
component  originates  from  molecules  whose  vibrational 
energy  exceeds  Et,  where  Et  is  defined  by 

*(£/)  =  *  .  UO) 

The  pressure  controlled  component  of  the  9.6  p  in¬ 
duced  emission  signals  is  due  to  emission  from  vibronic 
levels  whose  intramolecular  decay  time  is  comparable 
to  or  longer  than  the  thermalization  time  rth.  The  latter 
quantity  is  the  characteristic  time  needed  to  collisionally 
relax  the  vibrational  excitation  to  a  room- temperature 
vibrational  distribution.  In  addition,  the  dependence  of 
Yp  on  the  delay  between  the  dye  and  CO,  laser  pulses  is 
also  due  to  collisional  relaxation.  The  optical  laser 
pulse  prepares  a  narrow  distribution  of  triplet  molecules 
around  the  vibrational  energy  E.  IVhen  the  CO,  pulse  is 
applied,  the  optically  prepared  excited  molecules  are 
pumped  to  vibrational  energy  regions  where  the  intra¬ 
molecular  cecay  process  dominates.  The  almost  unity 
value  of  Tp  for  zero  delay  times  indicates  that  all  the 
optically  prepared  molecules  have  been  pumped  by  the 
COj  pulse  to  the  fast  decaying  energy  region.  As  the 
optically  prepared  vibrational  distribution  cools,  the 
CO,  pulse  is  able  to  excite  fewer  molecules  to  the  fast 
decaying  energy  region.  Finally,  the  yield  reaches  a 
steady  value  which  dees  not  change  with  further  increase 
ef  the  delay  time:  this  value  of  Yp  corresponds  to  exci¬ 
tation  of  the  tlermalized  triplet  state.  Therefore,  both 
the  4.1x10’  s'*  Torr*‘  collisional  quenching  rate  of  the 
induced  flue  rescence  signal  and  the  3.3x10°  s"lTorr'! 
decay  rate  of  the  fast  drop  yield  Yp  are  estimates  of  the 
collisional  thcrmalization  of  the  excited  vibrational  dis¬ 
tribution. 

Since  vibrational  excitation  is  maintained  only  through 
the  thermalization  time  rth,  intramolecular  radiation¬ 
less  decay  is  confined  to  triplet  molecules  occupying  vi¬ 
bronic  levels  with  energy  E  greater  than  £„  where 

y(£,)  =  r;*  .  (11) 

The  determination  of  YD  and  £,  provides  information 
about  the  initial  vibrational  distribution  in  the  following 
way.  Y0  is  the  fraction  of  molecules  excited  to  vibra¬ 
tional  energies  exceeding  £,.  9.  6  p  CO,  pulses  with 
(lucnce  3.3  J,c.t.:  induce  phosphorescence  signals  char¬ 
acterized  by  a  drop  yield  of  0.  G5.  The  thermalization 
time  corresponding  to  150  mTorr  biacetyl  samples  is 
about  1  ps;  using  the  data  reported  by  Van  der  Werf  and 
Kornxr.andeur.  a  radiationless  decav  time  of  1  ps  corre¬ 
sponds  to  a  vibrational  energy  of  5-;09  cm*1.  Since  Yp  is 
the  fraction  of  molecules  excited  to -vibrational  energies 
exceeding  /. . ,  6C7  of  the  triplet  molecules  were  excited 
to  vibrational  energies  exceeding  that  of  5  CO:  photons. 
Another  lower  limit  is  obtained  by  using  the  fast  drop 
yield  Yg  =  0. 4.  The  fast,  100-r.s  decay  time  corresponds 
to  an  energv  of  9  CO,  photons;  thus  a  fraction  0.  4  of  the 
triplet  molecules  have  absorbed  more  than  9  CO,  pho¬ 
tons.  (Since  the  decay  times  reported  in  Ref,  7  were 


limited  to  times  longer 
y(E)  using  the  following 

y(E)  =  Ac*e  +  C  , 
where  A  =  300  s*’,  B  -  1.26x  10*3  cm,  and  C  =  82  s*'.) 

Information  concerning  the  10.6  p  direct  MP  vibra¬ 
tional  excitation  is  limited  due  to  the  appearance  of  a 
thermal  component.  The  dependence  of  -.he  decay  time 
of  this  component  on  the  fluence  of  the  CO.  laser  has 
been  extensively  explored  and  accounted  for  by  Burak 
et  al .  *  The  ground  electronic  state  of  biacetyl  strongly 
absorbs  the  10.  G  p  radiation;  the  average  number  of  pho¬ 
tons  absorbed  per  molecule  (>i)  determines  the  rapidly- 
established  temperature  of  the  ground  state  vibrational 
manifold  through 

<»>  •  hu COi  =  <£„>  +  (jT*  p(£)£  e‘e,tT  dE / 

/’p(£)e-"‘r)  ,  (13) 

where  E0  is  the  mean  energy  of  unexcited  biacetyl  mole¬ 
cules.  Since  biacetyl  molecules  in  the  ground  state  con¬ 
stitute  the  major  component  in  the  triplet -ground  state 
mixture,  they  may  be  regarded  as  a  heat  bath.  When  a 
thermal  quasiequilibrium  between  the  two  vibronic  mani¬ 
folds  is  established  the  triplet  molecules  will  decay  with 
a  thermalized  rate  constant  (>-) : 

<y>=(jHy(E)p(£)e-B/*rrf£/jf  p(£)  e*f,‘rrf£)  ,  (14) 

dXr/dt~-{y)Nr  .  (15) 

An  increase  in  the  fluence  will  result  in  more  photons 
absorbed,  a  higher  heat  bath  temperature,  and  an  in¬ 
creased  decay  rate  (y). 


The  instantaneous  rise  time  of  the  10.6  p  induced  fluo¬ 
rescence  signal  does  indicate  some  direct  infrared  ex¬ 
citation  of  the  triplet  state,  in  addition  to  that  of  the 
ground  state.  The  overall  transient  behavior  of  the  10.  6 
p  signals  is  therefore  determined  by  the  following  se¬ 
quence  of  events.  The  CO,  laser  excites  both  the  triplet 
and  ground  electronic  states.  While  ground  state  mole¬ 
cules  relax  to  a  thermal  distribution,  the  initial  nonther- 
mal  triplet  vibrational  distribution  relaxes  towards  the 
vibrational  temperature  of  the  heat  bath.  When  a  ther¬ 
malization  is  achieved  in  a  time  t,s>  the  residual  triplet 
molecules  which  have  not  yet  undergone  a  radiationless 
transition  will  decay  with  the  thermalized  rate  •  .  The 

efficiency  of  the  10.6  p  radiation  at  directly  pumping 
the  triplet  slate  is  considerably  less  than  that  of  the  9.6 
p  radiation.  The  fast,  pressure  independent  dccav 
component  of  the  9.6  p  induced  signals  is  tint  observed 
for  the  10.6  p  signals,  indicating  that  a  negligible  frac¬ 
tion  of  triplet  molecules  is  excited  to  the  vibrational  re¬ 
gion  where  the  condition  >(£)  ■£,  is  fulfilled.  The  en¬ 
hanced  efficiency  of  the  9.6  multiphoton  excitation  might 
be  related  to  the  red  shifting  of  liie  ground  state  IR  vi¬ 
brational  spectrum  in  the  triplet  state  of  biacetyl.  Ti  e 
relevant  ground  state  spectrum  (shown  in  Fig.  3)  con¬ 
sists  of  the  following  three  band*1'': 


1.  A  strong  absorption  band  centered  at  1115  cm*1 
assigned  to  the  Cllj  <ia  or  6,  rocking  mode. 


mm 


•  •  •  • "  ~iii  tii'i 


t.  A  945  cm*1,  medium  strength  absorption  band  re¬ 
lated  to  the  C-CHj  6,  stretching  mode. 

3.  A  915  cm**  medium  strength  combination  band  due 
to  the  539  cm'1  and  380  cm*1  6,  and  a f  bending  modes, 
respectively. 

A  partial  analysis  of  the  vibrational  modes  of  the  triplet 
electronic  states  has  been  carried  out  by  Sidman  and 
McClure.1*  The  frequencies  of  some  of  the  analyzed 
modoj  are  red  shifted  with  respect  to  the  corresponding 
ground  state  modes.  It  is  therefore  conceivable  that  the 
1045  cm‘!  P(20)  9.6  p  transaction  coincides  with  the 
frequency  of  the  strongly  absorbing  CH3  rocking  mode. 

VI.  f.'L’LTlPHOTON  INDUCED  IER  PROCESS 

The  generation  of  induced  blue  fluorescence  emission 
reported  in  this  manuscript  bears  a  close  resemblance 
to  the  observation  of  induced  visible  emission  due  to  the 
multip.'.oton  excitation  of  ground  state  molecules.  Emis¬ 
sion  Induced  by  high  fluence  CO-  pulses  has  been  ob¬ 
served  from  excited  CrOjCU*  and  F-CO4  samples, 
jortner  and  Nitzan"'  ar.d  Burak  et  al .  *  have  explained  the 
-rOjClj  emission  as  originating  from  multiphoton  exci- 
ation  to  vibrational  energy  regions  where  the  ground 
itate  manifold  is  scarmbled  with  vibronic  levels  of  an 
•xcited  electronic  state.  Jortner  and  Nitzan  have  car¬ 
ded  out  an  extensive  theoretical  study  of  the  inverse 
slectronic  relaxation  (IER)  process  leading  to  the  ob- 
erved  emission.  Karny  et  al . 3  rejected  the  IER  mecha- 
Jsm  in  CrOiCl;  on  the  basis  that  the  ground  state  density 
t  the  origin  of  the  electronic  excited  state  is  too  high  to 
rovide  a  reversible  conversion,  suggesting  instead  the 
ossibility  of  direct  infrared  transitions  from  high  vi- 
rational  leve  ls  of  the  ground  state  and  low  vibronic 
jvels  of  the  excited  electronic  state. 

In  this  section  we  shall  apply  the  IER  theory  to  obtain 
riteria  for'tiie  experimental  detectability  of  multiphoton 
iduced  IER  processes.  Our  treatment  will  be  confined 
}  a  I;')  vibronic  manifold  resulting  from  the  scrambling 
f  an  excited  electronic  vibronic  manifold  '.Sp)  with  iso- 
norgciic  vibroric  levels  I  Cor'  cf  the  ground  electronic 
late.  The  width  of  the  i  j)  levels  may  be  constructed 
rom  the  zero  order  widths  of  the  IGor)  and  IS2>  states 
f  equations  which  are  similar  to  Eqs.  (2)  and  (3). 

£ain,  the  scrambled  manifold  is  divided  into  regions  A 
ad  B  corresponding  to  low  and  high  vibrational  densi- 
es,  respectively,  of  the  zero  order  ISJ>  states.  The 
idths  of  the  'j)  levels  in  region  A  are  given  by10,11 


(16a) 

NAE)  =  2r:A(,c(E)  . 
i  region  B  the  widths  are  given  by 

(16b) 

JT.fe 

(17) 

*•<«-  5®- 

(17a) 

•  contrast  to  the  radiationless  decay  widths  given  In 
4*.  (2)  and  (  ),  the  w.dths  yt  and  in  Eqs.  (17)  and 


(18)  are  radiative  decay  widths.  The  zero  order  width 
y.  Is  diluted  by  the  factors  .VA  or  ,Va. 

Following  the  collisionless  multiphoton  process  a  non- 
thermal  vibrational  distribution  is  established  witnin  the 
lj)  manifold.  The  distribution  is  characterized  by  ex¬ 
citation  strips  of  width  dP,  around  the  energies 

where 


E„  =  nhvCOi  , 

n  =  0, 1,2, 3 .  (18> 

and  AP„  is  a  power  broadening  width.  These  excitation 
strips  are  populated  by  the  multiphoton  process  with 
probabilities  p(n). 

The  rate  of  photon  emission  /  is  the  sum  of  the  rates 
IA  and  lB  contributed  by  molecules  excited  to  regions  A 
and  S  respectively.  To  calculate  1A  it  is  convenient  to 
subdivide  region  A  into  regions  A:  and  An.  A,  is  the 
energy  region  of  extremely  spare  density  of  !s>  levels. 
viz.,  AP„ps<l.  Region  A, ,  is  characterized  by  AP„ps 
>1.  Both  regions  A,  and  An  are  of  course  characterized 
AscPs  <  1»  The  emission  rate  from  region  A„  lA  , 
is  given  by  1 


— ‘Vpy  s  y'. 


SAE) 


p{n)Q'[En-Eu)  , 


where  is  the  lowest  integer  fulfilling  kJiuc~,>  Es0, 

is  ‘he  boundary  between  regions  A.  and  Au,  £s~ 
is  the  separation  energy'  of  the  C  and  S  origins,  ar.d  .V.  " 
is  the  number  of  molecules  in  the  laser  field.  y./S\(E,) 
is  lha  diluted  emission  rate  from  the  contaminated  !;' 
levels  excited  to  the  nth  subregion.  /(«)  is  the  fraction 
of  molecules  within  the  nth  subregion  which  are  con¬ 
taminated.  e’(E  -Esl)  is  defined  through  Eq.  (2;>),  ex¬ 
cept  that  the  homogeneous  width  xST  is  replaced  by  the 
power  broadening  width  iP,.  The  introduction  of  the 
step  function  6'(E)  emphasizes  the  need  lor  exact  reso¬ 
nances  in  the  A,  region:  unless  there  exists  an  5  level 
within  the  range  around  E„  there  can  be  no  emis¬ 
sions  from  the  excitation  strip  around  £„. 

In  region  A„  on  the  other  hand,  all  the  excitation 
strips  contribute  to  the  emission.  The  number  cf  con¬ 
taminated  states  within  the  excited  nth  region  is  AP,ps, 
and  therefore 


where  is  the  boundary  between  regions  A  and 

B,  and/,  is  estimated  as 

/•  =  Ajc/AP,  .  (21) 

Substituting  (21)  for/,  and  Ascpc  for  .VA  In  Eq.  (20)  re¬ 
sults  in 


In  contrast  to  the  MP  excitation  in  region  A,  each  ex¬ 
citation  strip  in  region  /J  contributes  to  light  emission. 
Since  alt  the  I;)  levels  In  this  region  ar«  contaminated. 
jXn)  5s  1.  The  rate  of  photon  emission  / e  is  given  b 


(23) 


j-  V"  />(»)  ..  v*  pr  1 

VTri=y*-'»^^-v 


(><) 


f  accidental  resonances  in  region  A,  are  neglected,  the 
cm  rate  of  photon  emission  will  be  given  by 

/=/*II+/a  =  n  voX)  •  (24) 

Since  p3/pc  is  a  slowly  increasing  function  of  the  vi¬ 
brational  energy  £, 11  a  lower  bound  7  may  be  obtained 
or  the  photon  emission  rate  from 

7=ys.V(/"  )  £>(»).  (25) 

\KC  /3 
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/here  [(ps)/pj]0  is  the  density  of  states  ratio  at  the  ori- 
in  of  the  exci.ed  S  state.  Equation  (25)  can  be  used  to 
•stimate  the  plausibility  of  detecting  emission  due  to  a 
nultiphoton  induced  IER  process.  V.’e  shall  assume  that 
he  experiment  is  limited  to  detecting  photons  at  a  rate 
aster  than  1  photon  per  ps.  Assuming  .V3=10,?  and  tak- 
ng  the  CrOjCU  molecule  values  of  y”s  and  [(ps) y'pc  j0  as 
.0”  s'1  ar.d  2  C*“,  respectively,  or.e  obtains  that  tne  tnin- 
luum  detectable  fraction  cf  molecules  excited  above 
i'ai'c o,  is  10*'.  The  CO,  induced  vibration;. 1  distribution 
if  CrOjCU  is  unknown,  however  a  value  of  10‘7  for  the 
raction  of  ground  state  molecules  which  have  absorbed 
nore  than  20  CQ:  photons  does  net  seem  implausible. 

Equations  (9)  ar.d  (17)  predict  long  radiative  lifetimes 
.'or  the  emitt./ig  molecules  under  collisionless  concii- 
ions.  Indeed.  CO  ,as  CO,  laser  induced  emission  signals 
save  been  detected  from  i  tnTorr  CrO  Cl«  samples, 
tvuch  longer  than  the  roughly  1  jus  decay  times  of  opti¬ 
cally  excited  Ci'0;C',;  molecules.  If  the  induced  visible 
emission  is  observed  from  high  pressure  samples,  how¬ 
ever,  &  rapid  vibrational  thenr.alization  fellows  the  ex¬ 
citation  pulse,  ar.d  the  rate  of  photon  emission  is  then 
given  by5 

iu  =  A,g>S<-’-?sc/*r.  (26) 

where  7  is  determined  by  the  average  number  (ii>  of  CO* 
photons  absorbed  pc-  molecule.  A  collisional  induced 
quenching  het;  been  observed  for  high  pressure  (>1 
Torr)  of  F;CO  and  CrO.Clj  samples.  In  terms  of  the 
IEK  theory  cuenching  may  occur  only  through  the  disap¬ 
pearance  of  t.ie  highly  vibrationallv  excited  molecules. 
The  following  processes  may  account  for  the  observed 
quenching. 

(«.)  All  initial  ronthermal  vibrational  distribution  is 
established  '’ofowirq  the  CO,  laser  pulse.  The  emission 
Intensity  characterizing  this  distribution  is  determined 
bv  I,q.  (22).  I."  this  intensity  is  higher  than  the  thermal 
emicsioa  intensity determined  by  Eq.  (2C),  a  decay 
of  the  initial  intensity  toward  will  be  observed.  This 
decay  will  be  deter  mined  by  the  thermal  Lzatioa  time  of 
the  system. 

(t)  A  vib  *atior.a:  temperature  is  established  during  or 
fallowing  the  CO,  excitation  process.  The  initial  emis¬ 
sion  is  dote  •  mined  bv  Eq.  (?'j),  in  which  T  is  replaced 
by  t.  vibrational  temperature  1\.  Due  to  the  equilibra¬ 
tion  of  the  vurat  .m.al  cxcuatim  with  the  rotational  and 
Ifr.nslallonal  degrees  cl  freedom,  T t  is  cooled.  Conse¬ 


quently,  the  emission  decats  towards  a  new  value  deter¬ 
mined  by  the  new  temperature  I„  common  to  ail  degrees 
of  freedom.  The  difference  between  7',.  3nd  T:  will  be 
significant  provided  that  the  vibrational  heat  capacity  is 
equal  to  or  less  than  the  sum  of  the  rotational  ar.d  trans¬ 
lational  heat  capacities. 

(c)  Once  the  temperature  Te  is  established,  further 
cooling  of  the  system  proceeds  only  througn  thermal 
conductivity  or  infrared  emission,  with  therrnahr.ation 
times  of  a  few  milliseconds.  Unimolccular  or  bimolecu- 
i&r  reactive  charnels  could  account  for  ooserved  shorter 
lifetimes  of  the  emission  signals. 

An  expression  ior  the  fluorescence  intensity  from  MP 
excited  vibrational  distributions  of  triplet  biacetyl  mole¬ 
cules  is  obtained  by  replacing  id  by  7*  and  .V3  by  .V  'T  in 
Eq.  (25).  Since  S°T.  the  number  of  triplet  molecules 
prepared  by  the  optical  pulse  is  unknown,  it  is  impos¬ 
sible  to  estimate  the  rate  of  the  induced  emission  in  the 
fluorescence  region.  Only  a  small  fraction  of  the 
biacctyl  molecule;  is  trapped  in  the  triplet  state.  Typi¬ 
cal  values  of  ,vi  in  the  present  experiment  are  therefore 
much  smaller  than  the  value  10‘-  assigned  previously  tu 
.V5  of  the  chromyl  chloride  system.  Desnite  tr,c-  low  val¬ 
ues  of  .V ° ,  the  detection  of  the  fluorescence  signals  in 
this  experiment  is  qualitatively  explained  in  terms  of  the 
relatively  high  values  of  (p;/p^j~  10* 7  and  the  high  value 
of  p[n)  ~0.  5  achieved  by  the  IR  excitation. 
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